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ABSTRACT 
The size of the apiculture industry in Western Australia (W.A.) is one of the smallest in 
the nation but the production of pollen and honey per colony is the highest in Australia. 
The overwhelming value of the bee industry to the community is through pollination. The 
pollination service benefit provided by honey bees (Apis mellifera) in Australia has an 
estimated value of $AUS1.7 billion (1999 - 2000). The economic yields from crops, such 
as almonds and cucurbits, depend entirely on the activity of honey bees.  
 
Access to flora is essential to maintain productive colonies for pollination services. 
Pollen and nectar from flowers provide the nutritional components for colonies of honey 
bees to breed, but pollen is more important as it provides the colony with its source of 
protein. Protein content is changed by pollen lipid content which can vary from 0.8 to 
18.9 %. Lipids are composed of fatty acids and a number are highly antimicrobial and 
play an important role in colony hygiene, whilst others are nutritionally crucial for honey 
bee development. 
 
Australian honey bee colonies utilise areas of native flora where a diversity of pollen 
species exist or hives are placed with agricultural crops that are based on European 
plants grown in monocultures, e.g. canola. Anecdotal evidence suggests that, in terms 
of breeding bees, some pollen species are much better than others and that bee health 
and longevity can be compromised if pollen is derived from single plant species. Protein 
analysis of pollen has been conducted on a wide range of species over the last two 
decades. However, lipid content and its analysis for fatty acids, which was reviewed for 
this thesis, have only been conducted on a few species. An initial investigation into the 
fatty acid composition of the pollen of W.A. eucalypts revealed the genus was 
characteristically high in linoleic acid concentration and ranged from 35.7 – 48 % (2.77 – 
5.81 mg/g). Of the six species that are important to W.A. beekeepers, Eucalyptus 
wandoo (whitegum) and E. accedens (Powderbark Wandoo), a taxonomically similar 
species, showed similar levels of arachidic acid, whilst all three E. wandoo flowering 
varieties (summer, winter and spring) were the lowest in linolenic acid. Corymbia 
calophylla (redgum) was significantly higher in myristic and linolenic acids and E. patens 
(blackbutt), E. marginata (jarrah) and E. diversicolor (karri) had similar fatty acid profiles. 
European honey bees have evolved with plant species that have pollen that contain 
much higher levels of lipids, which are dominated by linolenic acid, than eucalypts. By 
contrast, the pollen of eucalypts, the most targeted plants by W.A. beekeepers, and 
other Australian plants are typically higher in linoleic than linolenic acid. 
   xi
Given the influence of lipids on protein content and that fatty acid concentration varied 
amongst some of the important eucalypt species, a much wider study of pollen from 
plant species that are important to beekeepers was conducted. The first aim of the 
project, a national pollen survey, was undertaken in which 577 samples of pollen were 
collected. A total of 73 different fatty acids were identified. Of these, only five: palmitic, 
stearic, oleic, linoleic and linolenic were common to all 577 samples of pollen.  
 
The second aim of the thesis was to investigate the effect of two commonly found fatty 
acids in pollen and their concentration at which longevity and life-span of honey bees, 
and development of the hypopharyngeal gland were deleteriously affected. An 
associated objective was to determine whether a range of soya bean flours, the main 
ingredient of an artificial bee diet that can replace pollen but differs in lipid 
concentration, had a similar effect. The aim encompassed two projects. In the first, two 
fatty acids (oleic and linoleic acid) were added at concentrations from 0 to 16 % to the 
low-fat, bee-collected pollen from C. calophylla. Eight different lipid-enhanced diets 
were created and each fed to bees confined in cages (mini-colonies containing 1400 
bees). Oleic and linoleic acids were chosen because they are two of the five commonly 
found fatty acids in pollen. Oleic acid is the dominant fatty acid in honey bees and is a 
monounsaturated fatty acid.  Linoleic acid is a dominant fatty acid in eucalypt pollen 
and is a polyunsaturated fatty acid that is one of two essential fatty acids that has 
antimicrobial activity. 
 
The second project revolved around the problem of maintaining bee populations when 
apiaries are in environments that lack floral abundance due to drought or other 
environmental catastrophes. In these situations, beekeepers maintain their colonies by 
supplying artificial feedstuffs to colonies of bees. The high-protein diet ingredient of 
choice is imported soya bean flour and three flours containing 0.6 % (protein 
concentrate), 1.8 % (defatted) and 18.9 % (full-fat) lipid, were used. Locally milled lupin 
flour, containing 6.9 % lipid, was tested as a possible replacement for imported soya 
bean flour. As for soya bean flour, lupin flour was used in pure form or mixed with pollen 
in diets fed to bees.  Flour and pollen combinations created another ten different diets 
fed to bees the same way as the fatty acid-enhanced pollen diets.  
 
Along with the 8 lipid-enhanced and 10 flour and flour-pollen diets, there were two 
sugar-only diets, one mixed from dry cane sugar and the other, a liquid invert sugar. 
Two redgum pollen-only diets concluded the suite of 22 diets tested. One of these pollen 
diets was crushed and irradiated and was several years old whilst the other was 
collected fresh at the beginning of experimentation and kept frozen. Crushed and   xii 
irradiated pollen is in common use by Australian commercial beekeepers as feedback 
when conditions for floral abundance are adverse. 
 
An early experimental result was an observation of distinctive bee behaviour after bees 
were confined in cages for six weeks where small but persistent numbers of bees were 
found hairless in samples. The behaviour was apparently the same as when single 
cohorts of emerged bees rearrange their caste repertoire, which has been reported 
elsewhere, but where no connection to head weight and caste type had been 
documented. Low head weight and hairlessness were strongly associated with each 
other. Low head weights are usually associated with foraging honey bees because the 
hypopharyngeal gland is no longer developed functionally. 
 
Experimentally, bees were assessed for longevity to 22 different diets in 7 experiments. 
Laboratory analysis was conducted on the weekly samples of bees removed from cages 
where bees were measured for head weight (hypopharyngeal gland development) and 
nutritional status by analysing de-gutted bees for protein, lipid, mineral and fatty acid 
content. Of the 22 diets tested, pure redgum pollen diets gave the greatest life-span and 
those bees fed diets of pure sugar had the shortest life. Honey bees fed a low-fat protein 
concentrate from soya bean flour had the longest life of the flours tested. Adding pollen 
to soya bean flour diets improved longevity whereas the addition of pollen to lupin flour 
caused increased mortality. Defatted and full-fat soya bean flours gave similar 
longevities and, despite large differences in fat content, the response to diet of head 
weight was negligible to the diets and no response was elicited by the queen bee to lay 
eggs which also indicated failed gland development of the worker bees. 
 
The addition of fatty acid (oleic and linoleic) to pollen at different concentrations caused 
significant differences in longevity. Overall, the addition of both fatty acids to pollen did 
not improve longevity. The addition of oleic acid to pollen greater than 2 % caused the 
longevity of bees to decrease, a poor head weight response and a failure of the queen 
to lay eggs. The addition of linoleic acid greater than 6 % to pollen diets had a similar 
response. As the percentage of oil was increased for both fatty acid additions, total 
consumption of the diet decreased.  
 
Honey bees fed soya bean, lupin flour and sugar-only diets failed to accumulate linoleic 
acid in their body which was in contrast to honey bees fed pollen diets. For the sugar 
diet, the failure of linoleic acid accumulation in bees occurred despite bees being able to 
accumulate total lipid. Manganese was poorly accumulated by honey bees fed both 
soya bean and lupin flour diets and a sugar-only diet. The implication is that linoleic acid   xiii
and manganese need to be added separately to dietary formulations in a form as yet to 
be determined that will enable honey bees to accumulate these elements in the same 
way as bees do from consuming pollen. 
 
Soya bean flour-based diets, which have been used by beekeepers for decades, or 
lupin flour require additional amounts of linoleic acid and manganese. Similarly, this 
might apply to sugar. Sugar can be fed to bees in great quantities to enable bees to 
successfully over-winter in cold climates or it can allow breeding to commence which 
subsequently stimulates the collection of pollen. Sugar-feeding is widely promoted for 
orchard pollination, especially for kiwifruit. These changes could make these dietary 
ingredients more effective in enabling bees to breed between nectar flows and be more 
productive or nutritionally healthier, but any changes would require further cage 
experimentation. Bee-collected pollen naturally high in concentrations of oleic acid 
should also be tested in longevity trials, in conjunction with pollen that is low in oleic 
acid. The three untested common fatty acids (stearic, palmitic and linolenic acid) should 
also be evaluated for honey bee longevity and nutritional status. 
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ABBREVIATIONS 
There is a mix of common names and botanic names in the following text 
primarily as a result of the named pollen samples beekeepers sent to me. In 
different States, beekeepers can call the same plant species different common 
names, or a common name that could be the same for two different species. 
 
An example is the common name ‘redgum’ which can be applied to the Western 
Australian species Corymbia calophylla or the name beekeepers call 
Eucalyptus camaldulensis in eastern Australia. In this thesis, the name redgum 
in the text always refers to the species, C. calophylla. 
 
 
   1
CHAPTER ONE 
LIPIDS ASSOCIATED WITH HONEY BEES - AN INTRODUCTION 
TO THE AIMS OF THE THESIS 
 
INTRODUCTION 
Lipids in the body of honey bees include free and bound fatty acids, short and long chain 
alcohols, mono-, di-, and triacylglycerols, steroids and their esters, phospholipids and 
several other compounds (Nation 2002).  Phospholipids, for example, are about 3 % of the 
fat of adult bees (Gilby 1965). 
 
Honey bees synthesize lipids and store them in fat body tissue, i.e. in the form of 
triglycerides (Gilby 1965). The fat bodies are scattered throughout the body cavity, 
especially in the abdomen, and are a white, soft tissue composed of large, loosely united 
cells where small droplets of oily fat are found within the cytoplasm (Snodgrass and 
Erickson 1997). Since they are the main fat reserves, extraction of whole body fat tends to 
mirror the composition of the fat in the fat body (Gilby 1965).  In honey bees, the fatty acid 
composition is dominated by oleic acid (Fig. 1-1). This is similar for a number of other 
insects (Gilby 1965). 
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Figure 1-1. Fatty acid concentration differences between newly emerged and adult honey bees in 
Western Australia (Manning 2002). 
 
Pollen provides the source of lipids in the diet of honey bees though the bees probably 
have the necessary biochemical pathways to convert carbohydrate (via nectar) into lipids.   2
A review by Gilby (1965) showed royal jelly, a fatty acid, was biosynthesized from sucrose. 
The lipid source in pollen varies greatly and in fatty acid composition (Fig. 1-2).  
 
There is a notable difference between the linoleic and linolenic fatty acid composition of 
Italian and Western Australian pollen. The percentage of linoleic acid is high in Eucalyptus 
pollen and low in pollen of Italian plants where ancestors of current commercial stocks of 
honey bees originated. Italian pollen has a much higher percentage of linolenic acid.  The 
rest of the other fatty acids in eucalypt pollen fall within the standard deviation of the 
average of the pollen from Italian plants (Fig. 1-2). Adult diet of insects is the major factor 
controlling the type of fatty acid incorporated into triglyceride (Gilby 1965). 
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Figure 1-2. Mean differences in fatty acid composition of pollen from Western Australian eucalypts 
(Manning 2000) and plant species from Italy (Battaglini and Bosi 1968) where the Italian honey 
bees have originated (bar = standard deviation). 
 
From time to time, honey bee colonies are subjected to a dearth of nectar or pollen and in 
times of drought, both these resources may be absent and this can lead to depleted fat 
bodies.  
 
There are many examples of plant species producing a copious supply of nectar with poor 
pollen production. One Western Australian example is Eucalyptus loxophleba (York Gum).   3
The lack of abundant pollen from this species could be detrimental to honey bee 
populations but any other flora flowering at the same time (e.g. ground flora) could 
alleviate the situation.  
 
Often, an examination of the brood chamber in commercial colonies of honey bees in the 
field reveals that the bees have exhausted their pollen stores. This is why commercial 
supplementary feedstuffs for bees, usually consisting of soya bean flours, are continually 
being used periodically to feed bees, an activity which has been in constant development 
for decades. 
 
Fat bodies also act as food storage reservoirs for glycogen and protein and are associated 
with high concentrations of mitochondria and enzymes.  For lipids, the essential enzyme is 
lipase, which frees fatty acids from the fat stores, which are under the control of a peptide 
known as the adipokinetic hormone (Nation 2002). The fat body membranes have a 
relatively high surface exposure to the haemolymph cytoplasm (Southwick 1997) and, 
once in the haemolymph, lipids are transported around the body as a lipoproteins, known 
as lipophorins.  
 
Fatty acids can be used to fuel flight in insects. The gathering of nectar by foraging honey 
bees is of critical importance to beekeepers in honey production.  Evidence suggests that 
fatty acids are broken down in the flight muscles where lipases are present for 
incorporation into the citric acid cycle (Gilby 1965). Nation (2002) reported that well-fed 
insects generally have sufficient lipids in the body to support flight for longer periods than 
are available from their carbohydrate supply.   
 
After delivery to flight muscles, lipids have to be activated to cross into the mitochondrial 
membranes within the cytoplasm of the muscle fibres. Lipids are complexed with the 
vitamin carnitine. Fatty acids are activated by reaction with Coenzyme A and ATP to form 
fatty acyl Coenzyme A. This molecule undergoes further reactions and is broken down into 
derivatives that enter the oxidative reactions of the Krebs cycle.  The metabolism of fatty 
acids produces energy (ATP) and Nation (2002) gives one example for palmitic acid where 
1 molecule of palmitic acid will produce 131 units of ATP after complete metabolism.  This 
large release of energy is used to work flight muscles, supply energy to the nervous 
system and other physiological processes. The fatty acid metabolism also produces 
quantities of water. Again, 1 molecule of palmitic acid produces 108 molecules of water 
(Nation 2002).   4
 
In honey bees, the appearance of the fat bodies markedly differs between summer and 
winter (Southwick 1997). Though they are generally absent in summer and present in 
winter in European climates, in temperate Mediterranean climates, such as that in south-
western Australia, this may or may not be the case. In response to adequate amounts of 
pollen (the only source of protein for honey bees) upon emergence from their brood cells, 
the fat bodies in the abdomen develop simultaneously with hypopharyngeal gland in the 
head and other internal organs (Herbert 1997). The hypopharyngeal gland provides the 
worker and royal jelly (larval food) and enzymes via honey to the colony.  Fatty acids in 
royal jelly are chemically unique 8 to 10 carbon free fatty acids (Schmidt and Buchmann 
1997). 
 
Insects cannot synthesize sterols. These are specific lipids required in the diet for the 
ecdysteroid molting hormone. Many insects require polyunsaturated fatty acids in this 
molting process. Two important polyunsaturated fatty acids are linoleic acid (9,12 
octadecadienoic acid) and linolenic acid (9,12,15 octadecatrienoic acid).  Deficiencies in 
these fatty acids are known to cause failure of pupal or adult ecdysis and can result in 
deformed adults, slow growth and decreased adult fecundity (Nation 2002). Growth of 
some insects has been demonstrated to improve by adding polyunsaturated fatty acids to 
diets although their absolute requirement has not been demonstrated (Nation 2002). 
 
Most of the past research-focus on lipids and honey bees has been on the effect of sterols 
on honey bee nutrition and colony development. Herbert et al. (1980b) showed marked 
effects on sealed brood production in honey bee colonies when various dietary sterols 
were added to control diets. Cholesterol and 24-methylene cholesterol increased total 
sealed brood area in colonies from 1,174 cm
2 to 2,763 and 2,625 cm
2, respectively, which 
would significantly increase colony populations and their commercial value. 
 
Perhaps the closest any researcher has been in testing free fatty acids [other than for their 
attractiveness to honey bees (see Doull 1974)] in diets was Robinson and Nation (1968) 
who found that cold-acetone extracted lipid, when added to a diet, increased its 
consumption whereas the insoluble fraction or volatiles decreased food consumption. 
Earlier, Doull (1966) had noted that when an ‘extract’ of mixed pollen was added to comb-
stored Eucalyptus goniocalyx pollen, its consumption increased. Doull (1968), Doull and 
Standifer (1969, 1970) and Doull (1973) published similar observations. Black (2004) 
reviewed nearly all honey bee research and practices and stated that the fatty acid   5
experiments conducted for this thesis 'appear to be the first of their kind' in a report to the 
Rural Industries Research and Development Corporation, Canberra. 
 
AIMS 
The first objective of this project was to conduct a literature review of the fatty acid 
composition of pollen and honey bee body tissue (Chapter 2), and then to carry out a 
comprehensive Australia-wide survey (see Fig. 1-3 for six examples) of honey bee 
collected pollens for their fatty acid composition for both endemic and exotic plant species 
(Chapters 3 and 4).  
 
Pollens vary markedly in their lipid (and protein) content and this has a bearing on their 
nutritive value to honey bees. Laboratory tests show that some fatty acids have 
antimicrobial activity (Feldlaufer et al. 1993a) and this also plays a role in colony hygiene. 
The survey revealed a number of pollen species, particularly from plants belonging to the 
Asteraceae family (e.g. Arctotheca, Hypochaeris spp.), to be in this category. 
 
Thus, the second objective was to determine the effect of one of these antimicrobial 
unsaturated fatty acids, linoleic acid, and a common lipid called oleic acid on honey bee 
longevity. Bees were experimentally fed (Chapter 5) these compounds in various 
sequential concentrations mixed with pollen from Corymbia calophylla (Redgum) to 
ascertain critical limits of these fats in determining honey bee longevity (Chapter 7) and 
hypopharyngeal gland development (Chapter 8), a gland that secretes jelly used by nurse 
bees to feed larval bees.  
 
A series of experiments that utilised cages to house small honey bee colonies was 
conducted to evaluate longevity and hypopharyngeal gland development. Body lipids, fatty 
acids, protein and minerals were analysed each week over a period of six weeks, which is 
the average duration of a nectar flow (Chapter 9). An unusual phenomenon of bee 
hairlessness was observed in the cages and is described in Chapter 6. 
 
The third objective was to use cage experiments to ascertain the influence of high or low 
fat artificial feeds based on soya bean flour on honey bee performance.  In the market 
place, beekeepers purchase and refer to soya bean flour as ‘soyflour’, most without any 
consideration of the product label as to whether it is ‘full fat’ or ‘defatted’. The development 
of artificial feeds for honey bees has been researched for many decades without any   6
comparable product to natural pollen being found. Supplementary feeds have been 
developed to enable honey bees to breed between flowering periods of target plants to 
maximise bee populations for periods when nectar flows occur.  
 
Supplementary feeds are also useful when the pollen and nectar resources are in dearth. 
This usually occurs during drought, or when other severe environmental factors occur such 
as when cyclones strip trees of flowers, frosts, extreme summer temperatures or during 
natural dearth periods between flowering events of plants (Manning 1993). The final 
objective was to ascertain whether lupin flour, a local Western Australian agricultural 
commodity, could be used as a replacement for soya bean flour (Chapters 7 and 8).   7
 
    
    
    
 
Figure 1-3. Typical pollen composition from a pollen trap fitted to a beehive. A. Jarrah (Eucalyptus 
marginata) illustrating pure species pollen from Western Australia; B. Canola (Brassica napus) 
another pure species pollen; C. Pollen mix from Lake Preston, Western Australia, dominated by 
orange flatweed (Hypochaeris sp.); D. Pollen mix from Bibra Lake, Western Australia; E. Pollen mix, 
mainly Paterson’s curse (Echium plantagineum) from Northam, Western Australia [ID242] and F. 
Pollen mix, mainly Acacia from Murrah, New South Wales [ID387]. 
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CHAPTER TWO 
FATTY ACIDS IN POLLEN: A REVIEW OF THEIR IMPORTANCE 
FOR HONEY BEES 
 
INTRODUCTION 
All plant pollen contains lipid (Fig. 2-1). The lipid (oil/fat) concentration differs markedly 
in pollen from different genera as well as in its fatty acid composition (Chapter 1). 
Lipids are important to honey bees primarily as a source of energy with some 
components of lipids involved in the synthesis of reserve fat and glycogen and the 
membrane structure of cells (Herbert 1997). Lipid components, such as fatty acids, and 
sterols are important in honey bee development, nutrition and reproduction.  
 
   
(A). Bougainvillea hybrid.      (B). (Norfolk Island hibiscus). 
  
(C). Hypochaeris sp. (dandelion/flatweed).  (D). Hemerocallis hybrid (Day Lily). 
 
Figure 2-1. Yellowish lipid droplets (arrowed) are easily observed in pollens that contain a high 
lipid content. A. Bougainvillea hybrid, B. Norfolk Island hibiscus, C. Hypochaeris sp. 
(dandelion/flatweed) and D. Hemerocallis hybrid (Day Lily). 
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Fatty acids such as oleic and palmitic dominate the body fats of adult worker bees    
(60 %), larvae (40 %) and queen pupae (58 %) (Table 2-1) (Robinson and Nation 
1970). Young (1967) also showed these fatty acids are dominant in adult workers and 
drones. Also, palmitic and stearic acids were the main saturated fatty acids from all 
lipid classes (phospholipids, neutral lipids) in honey bee semen (Blum et al. 1967). The 
unsaturated oleic acid was dominant in both lipid classes and palmitoleic acid was 
present in substantial amounts in neutral lipids (triglycerides, sterols, sterol esters and 
free fatty acids) in semen. 
 
The pollen of relatively few plant species have been studied for fatty acid composition. 
Most of the research on pollen lipids has concentrated on the sterols, e.g. cholesterol, 
as they are also essential for honey bees (Herbert 1997). 
 
Table 2-1. Fatty acid composition (% of total lipid) of larvae and adults of drone, worker and 
queen bees (Robinson and Nation 1970). 
 
Fatty acid  6 day-old larvae (%) Adult  (%) 
Oleic  40.4 - 46.4  60.7 - 64.8 
Palmitic  40.3 - 42.2  14.2 - 22.6 
Stearic  7.32 - 11.7  8.95 - 14.3 
Linolenic  0.19 - 0.97  4.50 - 7.34 (drone & worker only) 
Myristic 2.35  -  3.15  0.90 - 2.53 
Lauric  0.33 - 0.60  0.50 - 1.91 
Linoleic  Trace amount  Trace amount 
 
A search of the English language scientific literature revealed published fatty acid 
analyses for thirty-four plant species including twelve species described in an Italian 
paper
  by Battaglini and Bosi (1968) (Table 2-2). Most species analysed are 
economically important crop (and honey bee forage) plants  though some are 
anemophilous (wind-pollinated) such as fir, pine and cycad. The rest are species that 
support and sustain beekeeping enterprises or are of general interest because they 
have different pollinators, e.g. Strelitzia. 
 
Standifer (1966a) has referenced several other published reports of fatty acid analyses 
of hand-collected pollen from anemophilous species, pollen from plant species not 
frequently utilised by honey bees and incomplete fatty acid analyses which have not 
been cited in this review. Scott and Strohl's
 (1962) fatty acid analyses of Pinus taeda 
pollen was also an incomplete study, identifying only palmitic, oleic, linoleic (being 
dominant) and linolenic acids from triglycerides which constituted 6 - 7.5 % of the   11
pollen. Solberg and Remedios (1980) stated that petroleum ether extracts consisted 
mainly of 'linolic, linoleic and arachidonic acids' in a survey of 15 Scandinavian plant 
species. 
 
Table 2-2. Plant species analysed for fatty acids. 
Scientific name Common  name Scientific  name Common  name 
Antirrhinum sp. 
1 Snapdragon  Onobrychis viciifolia 
1  Sainfoin/Holy clover  
Arctotheca calendula * Capeweed  Papaver rhoeas 
1  Field/Flanders Poppy  
Aster novi-belgii 
1 Michaelmas  Daisy  Pinus contorta 
2  Lodgepole pine  
Brassica kaber 
4, 11 Wild  mustard  Pinus ponderosa 
2 Ponderosa  pine   
Brassica napus 
3, *  Rapeseed/canola  Plantago lanceolata 
1 English  plantain   
Cephalaria/Scabiosa sp.  
1 ?/Pincushion  flws  Prunus dulcis 
5 Almond   
Citrus spp. 
4 Citrus  Pseudotsuga macrocarpa  
2  Big-cone Douglas fir  
Cistus sp. 
1 Rock/Sun  Rose  Pseudotsuga menziesii 
2 Douglas  fir   
Corymbia calophylla 
6, 7  Redgum/Marri Pseudotsuga  wilsoniana 
2  Formosan Douglas fir  
Cruciferae spp.
1 (e.g.  Brassica)  Pterotheca nemausensis 
1 ? 
Elaeis guineensis 
8  W. African oilpalm  Raphia hookeri 
9  Palm (Nigeria)  
Eucalyptus accedens 
6, 7 Powderbark  Raphia regalis 
9  Palm (Nigeria)  
Eucalyptus diversicolor 
6, 7 Karri
  Raphia sudanica 
9  Palm (Nigeria)  
Eucalyptus marginata 
6, 7 Jarrah  Raphia vinifera 
9  Palm (Nigeria)  
Eucalyptus patens 
6, 7 Blackbutt  Salix spp. 
1 Willow   
Eucalyptus wandoo 
6, 7 Wandoo  Solandra nitida * Chalice  vine 
Eucalyptus spp. *  Eucalypts  Strelitzia reginea * Strelitzia 
Hedera helix 
1 English  Ivy  Taraxacum officinale 
12 Dandelion   
Helianthus annuus 
4 Sunflower  Trifolium alexandrinum 
4, 11  Egyptian clover  
Helminthia echioides 
1 ?  Trifolium pretense 
1 Clover   
Linum usitatissimum 
4 Flax  Urospermum dalechampii 
1 (Compositae)   
Leucopogon conostephioides * Mayflower  Vicia faba 
4, 11  Faba bean  
Lupinus spp. *  Lupin  Xanthorrhoea preissii * Grass  tree 
Macrozamia riedlei *  W. Australian cycad  Zea mays 
1, 11 Maize   
Melilotus siculus 
11  Sweet yellow clover  Mixed pollen
10 Florida  USA 
 
 
 
* (previously unpublished by Manning; for canola, the triazine (herbicide) - tolerant variety [Karoo] differs from 
rapeseed). 
 
1. BATTAGLINI and BOSI (1968)    
2. CHING and CHING (1962) 
3. EVANS et al. (1987)  
4. FARAG et al. (1978)  
5. LOPER et al. (1980)  
6. MANNING (2000)  
 
 
 
 
 
 
7. MANNING and HARVEY (2002)  
8. OPUTE (1975) 
9. OPUTE (1978) 
 
 
 
10. ROBINSON and NATION (1970) 
11. SHAWER et al. (1987) 
12. STANDIFER (1966a) 
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HONEY BEE ATTRACTION TO POLLEN 
The importance of lipids in the diet of honey bees was demonstrated by Herbert et al. 
(1980a) who showed that USA colonies fed 2, 4, 6 or 8 % lipid (ex pollen) in substitute 
feed reared more brood to the sealed stage than did colonies fed only the substitute 
without the lipid. Colonies fed 2 or 4 % lipid reared as much brood as colonies fed 
pollen. Robinson and Nation (1968) showed that it was the acetone-soluble fraction of 
the lipid that attracts honey bees and the phagostimulant activity was responsible for 
high total artificial food consumption. They stated that this fraction of lipid was a neutral 
lipid and could possibly contain free fatty acids, a conclusion also supported by Dobson 
(1988). Lipids from clover pollen (Melilotus, Trifolium spp.) were shown to have free 
fatty acids that were attractive to honey bees (Lepage and Boch 1968). This zone was 
characterised by myristic, palmitic, oleic, linoleic, linolenic acids and an unknown acid 
which constituted 35 % of the lipid and was eventually found to be octadeca-trans-2, 
cis-9, cis-12-trienoic acid (Hopkins et al. 1969).  
 
The C18 fatty acid group was reported by Hopkins et al. (1969) to be similar to other 
insect attractants. Therefore the lipid component of pollen is also important in plant-
pollination systems. Further, Singh et al. (1999) noted that fatty acids could also be 
inhibitory in bee gustation (sense of taste) and singled out sunflower lipids which 
happen to be dominant in myristic acid (Farag et al. 1978). Pollen aromas that attract 
insects are chiefly carried in pollen lipid (reviewed by Dobson 1988). These aromatic 
substances are also known to be antimicrobial (reviewed by Morris et al. 1979). 
 
LIPID CONCENTRATION IN POLLEN 
Lipids vary greatly in concentration in plant pollen. A review by Roulston and Cane 
(2000) of ether-extractable material from dry pollen of 62 plant species shows the 
percent lipid in pollen to vary from 0.8 % in jarrah (E. marginata), a Western Australian 
forest eucalypt, to 18.9 % for dandelion (Taraxacum officinale). At least 60 % of the 
plant species examined had greater than 5 % lipid in their pollen and this illustrates that 
eucalypt pollen (from Roulston and Cane's review) has a poor lipid content by 
comparison. Somerville's (2000a)
∗ survey of eucalypts in eastern Australia showed the 
lipid content of pollen to range from 0.43 % (E. bridgesiana) to 4.6 % (E. 
camaldulensis) with the majority below 2 %. 
 
When comparing other plant families in Roulston and Cane's (2000) review that have a 
strong honey bee foraging response, the Myrtaceae group containing the eucalypts 
                                                           
∗ Somerville’s (2000a) reference reports a 0% lipid from Eucalyptus macrorhyncha.  I have discarded this 
result as not being possible in the light of my study of the fatty acids of 577 pollen samples.   13
was very different in lipid concentration (1.43 %) than the Fabaceae (clovers, faba 
beans, Robinia) and Brassicaceae (canola, mustards) families that averaged 6.7 % and 
10.7 %, respectively (recalculated from Roulston and Cane 2000).  Even Standifer 
(1966a) showed that the average lipid concentration for 16 species foraged by honey 
bees, collected from four USA States, was 9.2 %.  In Scandinavia, the lipid content was 
much lower. From 15 species, the lipid content of pollen averaged 3.2 % (Solberg and 
Remedios 1980). In Spain, the lipid content averaged 5.9 % (Serra Bonvehi and Escola 
Jorda 1997). 
 
In published reports, lipids extracted from pollen are primarily derived from the pollen 
coat or the pollenkitt. If the pollen is milled so as to fracture the pollen walls, the lipid 
concentrations can increase. In Brassica napus it can increase more than two-fold, 
from 9.8 to 21.9 % (Evans et al. 1987) and 9.3 to 25.4 % (Evans et al. 1991). Larger 
increases have been reported for Pinus taeda from 1.5 to 6.1 % (Scott and Strohl 
1962). Of interest is that there are differences in fatty acid composition between the 
pollen coat and internal areas of pollen. Evans et al. (1987) found that in B. napus the 
majority of myristic, stearic, oleic and behenic acids occur on the pollen coat whereas 
linolenic acid was highest in concentration from internal lipids. Palmitic and linoleic 
acids were slightly higher in concentration from the internal lipids of pollen. Arachidic 
acid was not present at all in the internal lipid fraction. Dobson (1988) surveyed 69 
Californian (USA) flowering plant species from 28 families and found that the pollen 
coat had a high diversity of neutral lipids and a higher frequency of free fatty acids 
compared to internal fractions. In fact, Dobson found that pollen coat (pollenkitt) lipids 
were almost exclusively neutral. Significantly, these neutral lipids have antimicrobial 
activity (Morris et al. 1979) and they probably play an important role within the beehive 
as incoming pollen is stored in the same cells as larvae are reared. 
 
ANTIBACTERIAL PROPERTIES 
A number of the fatty acids, such as capric, lauric, myristic, linoleic and linolenic acids, 
have antimicrobial properties (Feldlaufer et al. 1993a). It has been shown that some 
are more inhibitory than others. For example, those listed (this section) are very active 
and have inhibition zones in antimicrobial disc susceptibility tests to the honey bee 
pathogen Paenibacillus larvae larvae (American Foulbrood; AFB) of 54, 80, 10, 68 and 
52 mm, respectively, whilst fatty acids such as palmitic, stearic and oleic were inactive 
antimicrobially. The inhibition zones of all three using the agar diffusion disc method 
never exceeded 1 mm (Feldlaufer et al. 1993a). Different bacteria species respond 
differently to fatty acids. Ababouch et al. (1992) found linolenic and lauric acids were   14
most inhibitory to spores of Bacillus cereus whilst linoleic and myristic acids were less 
so. Capric, palmitic, and stearic acids showed only partial inhibition.  
 
The honey bee fungal pathogen, Chalkbrood (Ascophaera apis), has been implicated 
in the decline of another honey bee pathogen Mellissococcus pluton (European 
Foulbrood; EFB) through its ability to produce an antimicrobial substance (Shimanuki et 
al. 1992) which was subsequently found to be linoleic acid (Feldlaufer et al. 1993b). 
When challenged with the fungal extract of A. apis, the growth of laboratory-cultured M. 
pluton was inhibited. Other bacteria associated with M. pluton, such as B. alvei, B. 
laterosporus and Enterococcus faecalis, could also be similarly affected. Linoleic acid 
formulations heralded a 'new' method for the control of foulbrood diseases in the USA 
(USDA Agriculture Research Service 1993). Several years later, lauric acid was being 
tested for the same purpose (Shimanuki 1999).  Linoleic acid was used against AFB by 
Carpana et al. (1999) and found to control the disease by offering bees a mixture of 6 
parts of sucrose to 1 part of honey, medicated with linoleic acid at 4 g per 1.3 kg where 
the subsequent concentration of linoleic acid was 0.31% (3.1 mg/g or 3.1 g/kg).   
Reoccurence of AFB infection was also prevented by the linoleic acid-medicated 
sucrose (Carpana et al. 2004). 
 
Petschow et al. (1996) showed that lauric acid was the only saturated free fatty acid 
with bactericidal activity against Helicobacter pylori, the bacteria associated with 
stomach ulcers in humans. Without knowing the fatty acid composition of pollen, 
Greceanu and Enciu (1976) observed that their bee-collected pollen sample was 
inhibitory to Staphylococcus aureus (6 mm), Bacillus anthracis (6 mm), B. coli (15 mm) 
and two strains of Salmonella (12 and 13 mm, respectively). B. cereus was not 
inhibited. Lavie (cited in Gilliam 1979) found pollen had an antibiotic factor that was 
active against B. alvei and AFB. 
 
Pollen harbours a wide range of microbes. Gilliam (1979) found the dominant bacteria 
species was Bacillus subtilis in (trapped) almond pollen with four other Bacillus species 
also being present. Bacillus subtilis produce antibiotics of which most are active against 
gram-positive bacteria (Berdy 1974) and probably contribute to the overall antimicrobial 
activity of pollen. Sherf and MacNab (1986) noted that B. subtilis has been used as a 
biological control agent (biocide) for fusarium wilt (Fusarium oxysporum f. melonii) of 
rockmelons (muskmelons) and white rot (Sclerotium cepivorum) with encouraging 
results. 
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ANTIFUNGAL PROPERTIES 
Pollen also exhibit antifungal activity but this was not shown by Lavie (quoted in 
Gilliam's research paper). However, a number of pollens (ex anther) have been found 
to be antifungal by Pandey et al. (1983). They found pollen from two sources, 
Calliandra brevipes and Lycopersicon lycopersicum (tomato), were 100 % inhibitory of 
spore germination of the early blight fungus of fruit, Alternaria alternata. Lycopersicon 
lycopersicum pollen was also inhibitory to Helminthosporium oryzae as was pollen from 
Acacia farnesiana. Pandey et al. (1983) also showed that a number of pollen types 
were less inhibitory with some pollen giving a mild stimulatory effect on the germination 
of fungal spores e.g. Lupinus supinus and Dahlia hybrida. Tripathi et al. (1985) also 
screened a number of pollens from various species but only found pollen from 
Xanthium strumarium (Asteraceae) to be 100 % inhibitory to fungal spore germination 
of Colletrotrichum capsici (anthracnose), Curvularia lunata and H. oryzae. Char and 
Bhat (1975) demonstrated that pollen from Parthenium hysterophorus (Asteraceae) 
had a significant inhibitory effect against sporangial germination and zoospore motility 
in the downey mildew fungus, Sclerospora graminicola. These fungi cause various 
diseases of agricultural crops such as fruit rots and damping-off (anthracnose). 
 
The strength of the antifungal activity of pollen is quite surprising. Pandey et al. (1983) 
showed that L. lycopersicum pollen in suspension inhibited H. oryzae down to 1 g 
pollen in 500 mls of distilled water whilst for A. alternata the maximum inhibitory dilution 
was 1:200 (w/v). Tripathi et al. (1985) showed that the maximum inhibitory dilution (w/v) 
of X. strumarium pollen suspensions were 1:400 (C. capsici), 1:300 (C. lunata) and 
1:200 (H. oryzae). At 1:200 w/v suspension, X. strumarium also totally inhibited spore 
germination of Aspergillus flavus,  A. fumigatus and Trichophyton mentagrophytes. 
Fungitoxicity of these pollens did not change when pollen suspensions were heat 
treated at autoclave temperatures but strengthened after pollen was held in suspension 
for more than 48 hours. After storage, the maximum inhibitory dilutions (w/v) of X. 
strumarium pollen suspensions were now 1:600 (C. capsici), 1:500 (C. lunata) and 
1:400 (H. oryzae).   
 
PLANT SPECIES COMPARISONS 
Fatty acid data from published scientific papers were used to compile Table 2-3 and 
Figures 2-2 to 2-9. Plant species from these papers are listed in Table 2-2. Additional 
fatty acid data from unpublished data are included in Tables 2-2 and 2-3. The 
additional fatty acids were from pollen of Lupinus sp. and Brassica napus cv Karoo, 
both used in large-scale cropping in Western Australia; Arctotheca calendula, an 
annual agricultural weed from South Africa; Xanthorrhoea preissii, Eucalyptus spp.   16
(data from five species listed in Table 2-2 were averaged) and Leucopogon 
conostephioides are all endemic Western Australian native plant species that honey 
bees forage.  Included are data from hand-collected pollen from a cycad (Macrozamia 
riedlei),  Strelitizia spp. and Solandra nitida from the author's garden which have 
evolved with pollinators other than honey bees. 
 
In the published reports, all pollen was collected by honey bees except for the pine, fir 
and rapeseed (Evans et al. 1987) species which were collected by hand. Hand and 
bee-collected pollen of Prunus dulcis was compared and the fatty acid composition of 
both was found to be similar (Loper et al. 1980). Additional pollen from the author's 
unpublished dataset was all bee-collected except where previously stated. 
 
Various authors have carried out fatty acid analyses over different ranges of carbon 
structures. For example, Farag et al. (1978) and Shawer et al. (1987) analysed from 
C10 to C20, Standifer (1966a) from C6 to C22 and Manning (2000), Manning and 
Harvey (2002) from C10 to C24. Only the main fatty acid groups are shown in Table 2-
3 and Figures 2-2 to 2-9. A number of other fatty acid groups were found in the 
analyses, particularly those that have unknown structures these were excluded from 
this review. The total percentage of the dominant fatty acids in Table 2-3 showed a 
large variation and was low for some species, e.g. Helianthus,  Cistus,  Lupinus, 
Xanthorrhoea,  Helminthia and Pterotheca, indicating that other fatty acids, most 
unidentified, and probably important are present. For example, both Pterotheca and 
Helminthia had a high percentage of an unidentified fatty acid of 9.4 % and 14.4 % 
(Battaglini and Bosi 1968) respectively, and whose structure was between lauric and 
myristic acid carbon chains. 
 
The comparisons of fatty acids in Table 2-3 showed distinct differences between plant 
species with some displaying a singular fatty acid dominance e.g. Helianthus annuus 
(sunflower) which was characteristically high in myristic acid (Fig. 2-3). The majority of 
pollen that were dominant in palmitic acid were also dominant in linoleic acid except for 
the  Antiirrhinum sp., which had a high percentage of oleic acid. Prunus dulcis, the 
almond, had similar levels of both palmitic and linoleic acids. Three species analysed 
by Battaglini and Bosi (1968) were highest in palmitic acid (Fig. 2-4). 
 
Stearic acid percentages in pollen were characteristically low except for six species 
where it exceeded 10 % (Table 2-3). Of these six species, only two are important to 
honey bees: Salix spp. and Brassica napus. The majority of the rest were from wind-
pollinated species, such as Pinus spp. (Fig. 2-5).   17
 
Oleic acid is an important fatty acid of honey bees. A number of species have this as 
the dominant fatty acid in pollen, with the highest percentage in the pollen of fir 
(Pseudotsuga) species (Fig. 2-6). The data for Melilotus siculus (Sweet yellow clover) 
and Zea mays (maize) by Shawer et al. (1987) (see Table 2-3) are probably in error.  In 
the case of Z. mays, two samples analysed by Battaglini and Bosi (1968) showed 
linoleic and linolenic acids present (Table 2-3) whereas these compounds were not 
detected by Shawer et al. (1987). Overwhelming evidence from all other species listed 
in Table 2-3 suggest that linoleic and linolenic acids should be present in pollen of 
Sweet yellow clover. Data for these two species from this reference were not included 
in Figures 2-2 to 2-9. 
 
Where the dominant fatty acid was linoleic, the percentage in species such as 
Arctotheca calendula (capeweed), Eucalyptus spp. and redgum exceeded those in 
other pollen of importance to honey bees such as Helminthia echioides, Citrus sp., 
Leucopogon conostephioides, Hedera helix and Pterotheca nemausensis (Fig. 2-7). Of 
interest was the composition of Western Australian eucalypt pollen and the African 
species  (A. calendula) which were higher in linoleic acid than the Italian species 
studied by Battaglini and Bosi (1968), though two samples they analysed (Papaver 
rhoeas and a mix of Cephlaria and Scabiosa pollen), showed a higher percentage of 
linolenic acid in pollen (Fig. 2-8). The wind-pollinated Z. mays was similar in fatty acid 
profile to the bird-pollinated Strelitzia reginea except for arachidic acid which was 
higher in Z. mays.  
 
Besides linoleic and linolenic acids, lauric acid, another powerful fatty acid in terms of 
its antimicrobial behaviour, was characteristic in eight species: Taraxacum officinale 
(dandelion), H. echioides, Urospermum dalechampii, H. helix, Salix spp., A. calendula 
and two pine species (Table 2-3, Fig. 2-2). 
 
Arachidic acid was not present in the lipid of many pollens (Fig. 2-9), but showed a high 
percentage in two Western Australian genera (Xanthorrhoea and Eucalyptus spp.) and 
was present in the pollen of a number of European species. 
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Figure 2-2. Lauric acid profile of pollen. Leucopogon conostephioides (Mayflower) not 
measured. 
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Figure 2-3. Myristic acid profile of pollen. 
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Figure 2-4. Palmitic acid profile of pollen. 
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Figure 2-5. Stearic acid profile of pollen. 
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Figure 2-6. Oleic acid profile of pollen. 
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Figure 2-7. Linoleic acid profile of pollen. 
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Figure 2-8. Linolenic acid profile of pollen. 
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Figure 2-9. Arachidic acid profile of pollen.  Taraxacum officinale (Dandelion) was not 
measured. 
 
DISCUSSION 
The nutritional aspect of fatty acids to honey bees is not well known. The role that fatty 
acids in pollen play in disease control of honey bee pathogens has not been studied in 
any detail, though there are published reports of the effect of acids per se against two 
major honey bee pathogens. However, some explanation on the probable role of fatty 
acids can be inferred and discussed. 
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After foraging, honey bees store some pollen in what seems a random fashion 
amongst brood cells of the brood comb. The 'leakage' of lipids from pollen onto the 
surface of brood cells probably ensures some form of sterility by inhibiting spore 
germination and growth of microbes. This stored pollen only remains for a short length 
of time in the brood area whereas most of the collected pollen is usually stored, 
predominantly, in the outer frames of the beehive as bee-bread. The pollen of T. 
officinale, for example, has globules of oil on the pollen coat surface which must 'leak' 
onto the brood cell walls. With its dominance of linolenic, linoleic and lauric acids, T. 
officinale pollen (and others with high concentrations of antimicrobial fatty acids) may 
play a much more important role in hive hygiene rather than in hive nutrition.  
 
Fatty acid composition of pollen has been shown to change once pollen is stored.  Van 
der Vorst et al. (1982) showed linoleic and linolenic acid concentrations decreased in 
pollen as they were undergoing changes to become bee-bread within the colony. The 
question still remains: Are these types of plant pollen providing source material for 
biological control to occur within the hive?   23
Table 2-3. Profile of fatty acids as a percentage of total lipids in pollen (± S.E.). 
Notes: Black highlighted areas show the dominant fatty acid, the grey shaded areas the next dominant fatty acid and 
numbers in bold refer to percentages > 10 %. Blanks cells: no tests carried out. Where two or more references are 
shown, sets of data have been averaged. Five eucalypt species (Table 2-2) have been averaged.  
*denotes previously unpublished data. 
 
 
% of total lipid 
Species  Capric Lauric  Myristic  Palmitic  Stearic Oleic Linoleic  Linolenic  Arachidic  Behenic  Total 
  C10 C12 C14 C16 C18  C18-1  C18-2  C18-3  C20 C22  % 
H. annuus  0.13 0.09 47.6  10.3  5.02 7.58 5.38 3.63  0    79.7 
O. viciifolia   0  1.84  35.6  4.13  9.33  14.3  32.8  0   98.0 
P. lanceolata   0.20  0.67  34.5  4.86  9.34  20.8  26.7  0   97.1 
Mixed pollens    0.81  1.77  33.6  5.29  14.2  17.4  22.8  0 1.09  97.0 
Antiirrhinum sp.   0  0.46  33.5  5.94  28.0  7.98  20.1  0   96.0 
P. dulcis 0.56  0.90  0.22  26.5  4.09  15.8  26.2  18.7  3.20 1.78 98.0 
V. faba 0  0.30  ±  0.10  11.9 ± 0.40  25.9 ± 2.40  3.79 ± 0.88  14.8 ± 0.50  12.8 ± 0.25  23.6 ± 1.20  0   93.1 
P. menziesii   0  0.20  20.9  2.70  62.2  11.9  0.90 0.20 0.30 99.3 
M. siculus 0  0.50  30.0  0 3  58.0  0 0 0    91.5 
P. wilsoniana   0  0.10  26.5  2.50  52.9  16.4  0.90 0 0.20  99.5 
Z. mays 0  5.70  39.9  0 6.20  41.9  0 0 0    93.7 
P. macrocarpa  0.60 0.50 0.80 26.4  15.6  39.0  8.00 4.50  0  0.90 96.3 
Cistus sp.   1.38  0.81  10.1  3.30  34.4  6.95  c. 18.3  3.21  78.5 
M. riedlei  0.28 ± 0.24  0.20 ± 0.03  0.90 ± 0.38  28.2 ± 4.36  6.49 ± 0.30  29.3 ± 1.19  15.2 ± 4.00  12.2 ± 0.46  0.88 ± 0.34  0  93.7 
Lupinus sp.   1.20  1.50  21.9  5.20  23.1  7.20  14.5  2.60 1.90 79.1 
Salix sp.   3.43  4.77  15.8 12.9 22.4  9.61  21.7  2.85  93.5 
X. preissii    0.60  0  6.40  4.70  20.5  12.5  13.5  5.10 4.20 67.5 
 
A. calendula    3.1  0  13.1  3.8  16.3  50.4  3.70 0  0 90.4 
Eucalyptus spp.    0.53 ± 0.16  0.57 ± 0.05  23.5 ± 0.71  4.56 ± 0.29  14.7 ± 0.83  44.2 ± 1.46  3.48 ± 0.45  2.8 ± 0.23  1.04 ± 0.09  95.4 
R. hookeri 8.60  0  13.1  22.1  4.00 2.90 42.0  6.60 0    99.3 
R. sudanica 7.40  0  4.50  18.6 11.5 13.7 41.3  2.00 0    99.0 
C. calophylla    1.12 ± 0.35  2.98 ± 0.32  17.4 ± 1.75  4.54 ± 0.51  15.0 ± 1.35  35.7 ± 3.59  12.7 ± 0.85  2.02 ± 0.27  0.88 ± 0.24  92.3 
R. vinifera  4.20 0 3.50  28.2  5.10  17.4  35.5  3.30 0    97.2 
E. guineensis   0.20  0.50  27.1  6.00  6.90  35.4  20.9  2.30  99.3 
R. regalis 0.40  0.40  0.60  26.1  8.30  10.1  32.2  17.1  0   95.2 
H. echioides   8.36  1.23  11.0  1.36  8.05  28.3  15.9  1.55  75.8 
Citrus sp. 0  0.43  14.2  17.3  4.05  18.4  27.2  11.3  2.27  95.2 
S.  nitida  0 0.14  0.57  18.3  6.56  16.4  26.8  24.0  0.48 2.60 95.9 
L. conostephioides     0.30  23.3  2.10  16.1  25.6  22.2  1.30 0.90 91.8 
H. helix   4.14  3.60  15.8  4.03  20.0  20.1  18.1  2.61  88.3 
P. nemausensis   0.51  4.67  13.9  4.52  17.0  17.2  8.65 4.11    70.7 
P. rhoeas   0.74  0.27  3.83 1.77 22.6  7.39  61.0  0   97.6 
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Table 2-3. Continued. 
 
% of total lipid 
Species  Capric Lauric  Myristic  Palmitic  Stearic Oleic Linoleic  Linolenic  Arachidic  Behenic  Total 
  C10 C12 C14 C16 C18  C18-1  C18-2  C18-3  C20 C22  % 
Cephalaria/Scabiosa   0.38  0.23  11.3  3.09  18.4  9.18  52.9  1.27  96.8 
Z. mays    0.22 ± 0.22  0.29 ± 0.12  32.8 ± 1.10  1.65 ± 0.21  7.23 ±1.75  11.0 ± 2.66  43.1 ± 1.60  2.25 ± 0.75    98.6 
L. usitatissimum 0  0.06  11.0  21.6  2.30  14.2  3.44  42.9  0.88  96.4 
T. pratense   0  1.21  38.3  2.29  10.5 5.01 41.4  0   98.7 
S. reginea  0.01 ± 0.01  0.12 ± 0.00  0.30 ± 0.03  27.2 ± 0.34  3.89 ± 0.28  5.08 ± 0.19  17.1 ± 0.10  40.8 ± 0.28  0.99 ± 0.07  0  95.6 
Cruciferae spp.   0  1.70  29.6  4.42  12.5  7.00  39.9  0   95.6 
U. dalechampii   6.37  3.49  20.8  1.63  8.64  17.2  33.9  0   95.6 
P. contorta 1.80  6.10  1.80  13.4  12.2  16.5  4.40  31.5  0 3.10  90.8 
T. alexandrinum 0 0  23.8 ± 2.55  18.5 ± 0.05  3.34 ± 0.27  9.45 ± 0.75  8.62 ± 1.02  31.1 ± 1.20  0   94.8 
A. novi-belgii   0.66  4.74  27.5  2.56  16.1 13.5 30.2  0   95.3 
B. kaber  0.87 ± 0.03  0.22 ± 0.01  21.0 ± 0.30  15.4 ± 0.50  9.66 ± 0.44  3.75 ± 0.15  6.42 ± 0.12  29.1 ± 0.45  1.66 ± 0.06    88.1 
T. officinale 0.55  13.1  0.39  20.1  9.25 4.23 14.3  25.4   8.72  96.0 
B. napus  0  1.47 ± 0.41  13.3 ± 2.43  16.2 ± 2.67  11.0 ± 2.86  5.13 ± 1.04  7.70 ± 3.07  24.8 ± 2.04  5.00 ± 1.52  0.87 ± 0.33  85.5 
P. ponderosa 2.50  4.90  2.00  17.6  10.9  23.1  5.40  24.1  0 3.10  93.6 
   
 
Ababouch et al. (1992) surmised that the inhibition of spores by fatty acids occurred 
possibly in two ways: by binding to spore envelopes thus inhibiting the binding 
germinants to germination sites or inhibiting spore germination by blocking one of 
more post-triggering steps of connecting reactions in the germination process. They 
noted that C18 unsaturated fatty acids behave as liquids in solution rather than as 
hydrated solids (as do long-chain saturated acids) and as a consequence have 
increased solubility and high lipophilic activity though these are greater for lauric acid 
than either linoleic or linolenic acids. 
 
Fatty acids could be implicated in the inhibition of germination of a number of 
economically important fungi species. For instance, it would have been interesting for 
Tripathi et al. (1985) to have analysed the pollen of Xanthium strumarium for fatty 
acids. Analyses of other members of the Asteraceae family (viz: T. officinale,  U. 
dalechampii, A. calendula) show a high percentage of lauric acid in their pollen (Table 
2-3, Fig. 2-2). Further work on whether honey bee-collected pollen could be effective 
biological control agents should be carried out. The interest in natural remedies for 
controlling plant pathogens from organically certified farmers could be immense. 
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I often hear Australian beekeepers say "that when their bees are stressed they get 
disease". These stresses could be linked to a combination of factors, one of them 
could be the levels of lipid entering the hive via pollen. When dearth conditions prevail, 
either between nectar-pollen flows or during adverse environmental conditions, pollen 
stores rapidly become depleted, and in Australia this is not helped by the fact that 
eucalypts in general, such as Eucalyptus marginata (jarrah), have very low levels of 
lipid to start with (Manning 2000, Manning and Harvey 2002, Roulston and Cane 
2000).  The lack of or low levels of lipid entering the hive via pollen might have the 
effect of increasing bacterial activity within hives.  
 
The large differences in lipid composition of pollen (Table 2-3) illustrate that access to 
a diverse pollen supply is probably very important to honey bees. Many beekeepers 
say that bees breed better when there is a diversity of plants available to forage. If 
beekeepers are not migrating their hives, or are continuously pollinating the same 
crops over long periods (e.g. irrigated crops), then the range of fatty acids available to 
honey bees could be restrictive. Sunflower pollen, for example, has a comparatively 
low level of linoleic and linolenic acids but a very high level of myristic acid that might 
be detrimental to honey bees if it were their only source of lipid. However, on any one 
particular day, honey bees usually bring in a range of pollen. In Australia, the average 
number of pollen species (distinguished by colour) in 92 trapped pollen samples over a 
very wide area of the State of New South Wales was 2.54 ± 0.13 (S.E.) (Somerville 
2000a). The range was from 1 to 6 species over a 3 year period though the number of 
samples that were pure, i.e. from single species, was still high at 25 %. 
 
The nutritionally defined notion that "you are what you eat" probably applies to the 
types of pollen the insects consume. For instance, research on the large flightless bird, 
the Emu, in Western Australia showed that an exclusive diet of dandelion flowers 
increased the linolenic acid concentration of its subcutaneous fat from 5 to 30 % (P. 
O'Malley, pers. com.). Large differences in the concentrations of fatty acids in pollen 
(Figs 2-2 to 2-9) would influence the bodily functions of honey bees (noting that some 
of the species shown in the figures are not foraged by honey bees). By knowing that 
some of these fatty acids are highly antimicrobial and that two dominate the body of 
the honey bee, the location of hives to particular pollen flows should become an 
important management decision. With supplementary and substitute feeding practiced 
by many beekeepers worldwide, this knowledge and continued research on pollen fatty 
acids would seem to be essential for the industry in the future. 
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In Western Australia, the Italian strain of honey bee is exclusively used in commercial 
apiaries. A number of the plant species that have evolved with the Italian honey bee 
have a higher percentage of the nutritionally important fats, such as oleic and palmitic 
acids, and a higher proportion of the antimicrobial fatty acids, such as lauric and 
linolenic acids. This information should interest Western Australian beekeepers to 
have a closer look at the lipid profiles in feedback pollens and the types of oils used in 
supplementary feedstuffs or, more generally, the quality of the pollen resource that 
surrounds their apiary sites. Aspects of this are explored further in Chapter 3. 
 
Plant species seem to be easily separated taxonomically by analysing pollen lipid 
composition. Farag et al. (1980) also showed analyses of the unsaponifiable fraction 
(hydrocarbons and sterols) of pollen can also be used for plant taxonomy. The data 
here also indicate that the analysis of fatty acids show enough differentiation that it 
could be a useful tool to separate plant species. 
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CHAPTER THREE 
FATTY ACIDS IN HONEY BEE-COLLECTED POLLEN FROM SIX 
ENDEMIC WESTERN AUSTRALIAN EUCALYPTS AND THE 
POSSIBLE SIGNIFICANCE TO THE WESTERN AUSTRALIAN 
BEEKEEPING INDUSTRY 
 
INTRODUCTION 
Pollen lipids provide the essential fatty acids to a host of animals from ants to birds that 
feed on nectar (pollen can be incidentally ingested) and pollen. Pollen is virtually the only 
source of lipid in the honey bee diet. In honey bees, pollen stimulates the development of 
the hypopharyngeal gland that is responsible for producing worker bee jelly (a food) used 
to feed larval honey bees (Pernal and Currie 2000). A similar jelly known as 'royal' jelly 
was found to be dominated by palmitic acid (19.8 %), with oleic, linolenic and myristoleic 
acids all in amounts greater than 10 % of the total lipid (Robinson and Nation 1970). 
 
Robinson and Nation (1970) also showed that adult honey bee body tissue had large 
amounts of oleic acid, whilst for 6 day-old larvae, oleic and palmitic were equally dominant. 
Of interest, was that linoleic acid was only found in trace amounts in both 6 day-old larvae 
and adult honey bees, despite the fact that the pollen from mixed species the bees were 
bringing into the hive, was reasonably high in linoleic acid (17.4 % of total fat). In contrast, 
Manning (2002) showed that linoleic acid was present in emerged bees and, in adult bees, 
linoleic acid was the second highest fatty acid by concentration (Chapter 1). The lipid 
content of pollen is quite variable (Standifer 1966a) with values ranging from 0.8 to 18.9 % 
(Roulston and Cane 2000). The lipid content of many species of eucalypt pollen has been 
measured (e.g. Somerville 2000a) but its fatty acid composition has only recently been 
established (Chapter 2).  
 
The eucalypt genus is the most important of all Australian plants to the beekeeping 
industry. This chapter examines, for the first time, the fatty acid profile of honey bee-
collected pollen of six major honey and pollen producing eucalypt species utilised by the 
Western Australian beekeeping industry.  
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METHODOLOGY 
POLLEN COLLECTION 
Pollen samples were collected from pollen traps fitted to hives.  Pollen samples from forty-
seven locations were collected by beekeepers (Table 3-1). Samples were taken when 
plant species were at peak bloom to ensure pollen was predominantly from a single floral 
source. All species had distinctive flowering patterns during the collection period 1997 to 
2001 with very little overlap. Microscope studies of the pollen grains showed their 
morphology was eucalypt and each resembled samples taken from corresponding trees 
preserved in a pollen data base in the custody of the author. Only a few samples required 
minimal hand sorting on the basis of colour. Pollen samples were kept frozen below minus 
5
oC until the analyses were conducted. The longest period of storage before analysis was 
nine months with the majority being analysed within five months of storage. 
 
Table 3-1.  Pollen collection sites - species, flowering period and sample number. 
Wandoo (w) = winter wandoo, wandoo (su) = summer wandoo, wandoo (sp) = spring wandoo. 
Species are shown in order of flowering period. More than one sample was collected from 
some sites but each differed geographically. 
 
Species Common 
name 
Sites of collection  Flowering 
period 
No. of 
samples 
Eucalyptus wandoo  wandoo (sp)  Dale-Beverley, NW Brookton  December  2 
Eucalyptus marginata  jarrah  Gleneagle, Morangup,  
Mundaring, Wungong 
Dec-Jan 5 
Eucalyptus patens  forest 
blackbutt 
Karnet, Helena Valley,  
Mundaring 
January 3 
Eucalyptus wandoo  wandoo (su)  Dryandra, Nth Bannister  January  2 
Eucalyptus accedens  powderbark  Bindoon, Mundaring, Toodyay,  
York. 
February 13 
Corymbia calophylla  redgum, marri  Armadale, Bindoon, Busselton,  
Cape Naturalist, Dandaragan, 
Gleneagle, Morangup. 
Feb-March 9 
Eucalyptus 
diversicolor 
karri Nth  Walpole  April  4 
Eucalyptus wandoo  whitegum, 
wandoo (w) 
Calingiri, Moora, New Norcia.  April-May  9 
Total samples       47 
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CHEMICAL ANALYSIS 
The laboratory method for measuring fatty acids followed those of Bligh and Dyer (1959). 
The lipids were methylated using the process the Boron Trifluoride Method (AOAC Official 
Methods 1990) prior to gas chromatography (GC). The methyl esters were quantified by 
capillary GC (split mode) using internal standard quantitation, flame ionisation detection 
and Hewlett Packard Chemstation software.   
 
RESULTS 
LIPID CONCENTRATION IN POLLEN 
Lipid levels in the pollen from the 6 eucalypt species ranged between 0.59 to 1.9 % of the 
pollen (Table 3-2). Eucalyptus diversicolor had the highest lipid level, whilst E. marginata 
showed the least amount. All three E. wandoo flowering varieties were almost identical at 
1.3 %. 
 
FATTY ACID PROFILE 
The pollens contained seven dominant fatty acids: myristic, palmitic, stearic, oleic, linoleic, 
linolenic and arachidic acids (Figures 3-1 to 3-14). Dependent upon species, these fatty 
acids were 90.2 to 96.6 % of the total lipid found in pollen. Of the seven fatty acids, linoleic 
was proportionately the highest, and ranged from 35.7 to 48 % (Fig. 3-5). The analyses 
detected 15 minor fatty acids (Table 3-3).  Laboratory reports also showed a number of 
fatty acids with notations that were expressed as 'unknown' and, being minor components 
of total fatty acid composition, are not included in this thesis.  
 
Table 3-2.  Lipid content of pollen from 6 eucalypt spp. 
W = winter flowering; Su = Summer flowering; Sp = Spring flowering. 
Species  Lipid content of pollen (%) ± S.E. 
E. diversicolor  1.9 ± 0.09 (n = 4) 
E. patens  1.35 ± 0.33 (n = 3) 
E. wandoo (W)  1.3 ± 0.07 (n = 9) 
E. wandoo (Sp)  1.3 ± 0.08 (n = 2) 
E. wandoo (Su)  1.28 ± 0.09 (n = 2) 
E. accedens  0.89 ± 0.04 (n = 13) 
C. calophylla  0.88 ± 0.07 (n = 9) 
E. marginata  0.59 ± 0.17 (n = 5)   30
The bloodwood, Corymbia calophylla, showed a high percentage of myristic and linolenic 
acids at 2.98 and 12.7 %, respectively (Figures 3-1, 3-6). Eucalyptus accedens and E. 
wandoo are similar species, both had the highest percentages of arachidic acid (3.26 and 
3.40 - 3.86 %), whilst E. wandoo (all flower forms) had very low percentages of linolenic 
acid (1.45 - 1.80 %) and the lowest oleic percent (12.6 - 13.8 %) compared with the other 
eucalypt species. Both E. wandoo and E. accedens had the highest percent of linoleic 
acid, which ranged from 45 - 47.9 % and 46.6 %, respectively. The winter flowering E. 
wandoo and E. accedens had the highest stearic acid values at 5.69 and 5.08 %, 
respectively. Palmitic acid was highest in E. marginata pollen (29.6 %). 
 
Table 3-3.  Minor fatty acids (mg/g) detected in the pollen of five eucalypt species (E. diversicolor 
not shown). A missing or zero value indicates the fatty acid was not detected. 
 
Fatty acid  
(mg/g pollen) 
E. wandoo  E. patens  C. calophylla  E. marginata E. accedens 
Dodecanoic  0.10    0.06 - 0.12  0.11   
Palmitoleic  0 - 0.20  0 - 0.07  0 - 0.05    0 - 0.06 
Margaric       0.02   
Elaidic  0.04 - 0.06  0.05 -0.08  0.02 - 0.03  0.07  0.09 - 0.10 
Linolaidic  0.04 - 1.13  1.22 - 1.66  0.27 - 0.36  0.49   
Gamma-linolenic  0 - 0.08         
cis-11-Eicosenoic  0 - 0.62    0 - 0.03  0.01   
Heneicosanoic  0 - 0.07  0 - 0.08  0.07 - 0.08  0 - 0.11  0 - 0.06 
Arachidonic  0.03 - 0.39  0.01 - 0.03  0 - 0.02  0.03   
Eicosatrienoic  0 - 0.04         
Behenic  0.11 - 0.42  0.04 - 0.07  0.05 - 0.07  0.15   
Tricosanoic  0 - 0.12  0.02 - 0.06  0.06  0.09   
Lignoceric  0.04 - 0.46  0.03 - 0.10  0.05 - 0.08  0.10   
Nervonic  0 - 0.08      0 - 0.05  0.17 - 0.24 
Cerotic  0.04 - 0.23  0.03 - 0.04  0 - 0.02  0.04  0.06 - 0.07 
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Figure 3-1.  Myristic acid profile of pollen from six eucalypt species including three flowering  
forms of E. wandoo. Values are means ± S.E. bars. 
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Figure 3-2.  Palmitic acid profile of pollen from six eucalypt species including three flowering  
forms of E. wandoo. Values are means ± S.E. bars. 
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Figure 3-3.  Stearic acid profile of pollen from six eucalypt species including three flowering  
forms of E. wandoo. Values are means ± S.E. bars. 
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Figure 3-4.  Oleic acid profile of pollen from six eucalypt species including three flowering  
forms of E. wandoo. Values are means ± S.E. bars.   33
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Figure 3-5.  Linoleic acid profile of pollen from six eucalypt species including three flowering  
forms of E. wandoo. Values are means ± S.E. bars. 
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Figure 3-6.  Linolenic acid profile of pollen from six eucalypt species including three flowering  
forms of E. wandoo. Values are means ± S.E. bars. 
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Figure 3-7.  Arachidic acid profile of pollen from six eucalypt species including three flowering  
forms of E. wandoo. Values are means ± S.E. bars. 
 
 
FATTY ACID CONCENTRATION IN POLLEN 
The fatty acid concentrations determined for the pollen of six eucalypt species are 
presented in Figures 3-8 to 3-14. Myristic acid was again dominant in the pollen of C. 
calophylla at 0.25 mg/g (Fig. 3-8). The linolenic acid concentration was high, not only for 
C. calophylla but also E. patens at 1.06 and 0.82 mg/g, respectively (Fig. 3-13). The three 
E. wandoo flowering forms were low in linolenic acid (0.17 - 0.22 mg/g), high in arachidic 
acid (Fig. 3-14), which ranged from 0.37 to 0.45 mg/g, and highest in stearic acid (Fig. 3-
10) when compared to the other species. Palmitic acid concentration ranged from 1.41 to 
2.81 mg/g (Fig. 3-9); oleic acid from 0.98 to 2.05 mg/g (Fig. 3-11) and linoleic acid from 
2.77 to 5.81 mg/g of pollen (Fig. 3-12). An inverse relationship between the linolenic acid 
concentration and stearic/arachidic acid was observed.   35
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Figure 3-8.  Myristic acid concentration in pollen from six eucalypt species including  
three flowering forms of E. wandoo. Values are means ± S.E. bars. 
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Figure 3-9.  Palmitic acid concentration in pollen from six eucalypt species including  
three flowering forms of E. wandoo. Values are means ± S.E. bars. 
   36
Stearic C18-0
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
C. calophylla
E.   patens
E. accedens
E. wandoo (w)
E. wandoo (su)
E. wandoo (sp)
E. marginata
E. diversicolor
Species
 
L
i
p
i
d
 
i
n
 
p
o
l
l
e
n
 
(
m
g
/
g
 
±
 
S
E
)
 
Figure 3-10. Stearic acid concentration in pollen from six eucalypt species including  
three flowering forms of E. wandoo. Values are means ± S.E. bars. 
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Figure 3-11. Oleic acid concentration in pollen from six eucalypt species including three  
flowering forms of E. wandoo. Values are means ± S.E. bars.   37
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Figure 3-12.  Linoleic acid concentration in pollen from six eucalypt species including  
three flowering forms of E. wandoo. Values are means ± S.E. bars. 
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Figure 3-13.  Linolenic acid concentration in pollen from six eucalypt species including  
three flowering forms of E. wandoo. Values are means ± S.E. bars.   38
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Figure 3-14. Arachidic acid concentration in pollen from six eucalypt species including  
three flowering forms of E. wandoo. Values are means ± S.E. bars. 
 
 
DISCUSSION 
Western Australian eucalypt pollen had low concentrations of lipid (< 1.4 %) compared to 
the pollen from many eastern Australian eucalypts (Somerville 2000a) and various 
European plants that are important sources of honey and pollen (Roulston and Cane 
2000). Somerville's data showed that, of thirty-two eucalypt pollen samples (excluding 
Corymbia) from nineteen species, 69 % exceeded 1.4 % fat in their pollen and averaged 
2.34 %. Studies elsewhere have also shown lipid levels much higher than those measured 
in eucalypt pollen viz. : a lipid range of 2.2 to 4.4 % from north African crop species (Farag 
et al. 1978) and an average of 9.2 % for North American honey [and pollen] plants 
(Standifer 1966a).  
 
High lipid concentrations were found in pollen from exotic Western Australian farm honey 
and pollen plants. These plants, such as the weed, African Capeweed (Arctotheca 
calendula), and economic agricultural plants such as lupin (Lupinus  sp.) and canola 
(Brassica napus cv Karoo), had levels of lipid at 2.05, 3.01 and 5.92 %, respectively. 
Pollen that is high in lipid is very attractive to honey bees. A comparative study of honey 
bees, particularly those of European origin, which have evolved with pollen of higher lipid, 
should be undertaken to examine any differences in health and longevity of honey bees   39
when fed pollen containing low or high concentrations of lipid. The results could have 
some bearing on the quality of Australian honey bees. 
 
The extensive use by beekeepers of eucalypt forests, particularly in times of dearth when 
trees are not producing nectar or when nectar flows from eucalypt species are associated 
with amino acid-deficient pollen (e.g. Eucalyptus marginata), necessitates the use of 
artificial feedback products.  Many of these products are low in lipid and perhaps should 
contain more free fatty acids. A high level of lipid in pollen has been suggested as being 
important in determining pollen attractiveness to honey bees (Singh et al. 1999) and in this 
way, the attractiveness of existing feedstuffs could be further improved.  
 
The high lipid pollen also means higher concentrations of fatty acids. When the fatty acid 
profile of the six Western Australian eucalypts was compared to the three non-endemic 
species (Table 3-4), large differences in fatty acid concentrations were found. The oleic 
acid concentration from the three exotic species which bees forage, far exceeded that 
found in eucalypt pollen and is perhaps an important fatty acid lacking in eucalyptus 
pollen. This perhaps best demonstrates the point previously suggested about the quality 
status of honey bees in eucalypt forests because the dominant fatty acid in the body tissue 
of honey bees is oleic acid (Robinson and Nation 1970).  
 
Table 3-4.  Fatty acid comparison (mg/g) of pollen from six eucalypts (including Corymbia) and 
three exotic species. 
  Fatty acid (average mg/g pollen) 
Species Myristic  Palmitic  Stearic  Oleic  Linoleic  Linolenic  Arachidic 
Eucalypt pollen 
(5 species, n = 38) 
0.06 2.34  0.46  1.40 4.55  0.37  0.29 
Corymbia calophylla (n = 9)  0.25 1.41  0.35  1.25 2.77  1.06  0.17 
Arctotheca  calendula (n = 1)  0  2.61 0.77 3.25  9.86 0.74  0 
Lupinus sp. (n = 1)  0.46 6.58  1.57  6.92 0.68  4.36  0.79 
Brassica napus (n = 1)  5.45 6.58  3.12  4.11 2.43  12.3  1.20 
 
Of the other fatty acids found in pollen, the 6 eucalypt species showed low percentages of 
myristic and linolenic acids when compared to other species (Table 3-5). The higher 
linoleic acid concentration in eucalypt pollen lipid would seem to be characteristic for this 
genus. The data in Shawer et al. (1987), especially for linoleic (and palmitic) acid, appear 
to be flawed for a number of species they studied. Both acids were found in the profiles of   40
all other pollen published by a range of researchers (Table 3-5). Large standard error for a 
number of fatty acids in E. patens pollen was probably due to a combination of factors 
such as small sample size, moisture loss, geographic variation and environmental 
influence. 
 
Robinson and Nation (1970) found that the body tissue of honey bees showed only trace 
amounts of linoleic acid despite bee-gathered pollen having a lipid concentration of           
17.4 %. Most of it was being excreted (Robinson and Nation 1970)
  and, therefore, 
nutritionally it may not be a fatty acid of dietary significance but could be important for 
other purposes such as colony hygiene. 
 
Table 3-5.  Average fatty acid composition (%) of the pollen of five eucalypts (excluding Corymbia) 
compared with other published research. 
 Eucalypt  species 
(n = 38) 
Farag et al. 
(1978) 
Shawer et al. 
(1987) 
Battaglini and 
Bosi (1968) 
No. of species  5  6  
(from different 
genera) 
5  
(from different 
genera) 
15  
(from different 
genera) 
Origin Western  Australia  Egypt  Egypt Italy 
Myristic  0.37 - 0.85  11.0 - 47.6  11.5 - 39.9  0.17 - 4.77 
Palmitic  19.1 - 29.6  10.3 - 23.5  0 - 28.3  3.83 - 38.3 
Stearic  2.57 - 5.69  2.30 - 9.22  2.90 - 10.1  1.36 - 12.9 
Oleic  12.6 - 17.2  3.90 - 18.4  3.60 - 58.0  5.48 - 34.4 
Linoleic  39.7 - 48.0  3.44 - 27.2  0 - 12.5  5.01 - 28.3 
Linolenic  1.45 - 6.40  3.63 - 42.9  0 - 29.9  8.65 - 61.0 
Arachidic  1.23 - 3.86  0 - 2.27  0 - 1.60  0 - 4.11 
 
Linoleic acid and others such as linolenic, myristic and dodecanoic (lauric) fatty acids are 
highly antimicrobial (Ababouch et al. 1992, Feldlaufer et al. 1993a). Two economically 
destructive honey bee diseases, European foulbrood and the spore-forming American 
foulbrood, are inhibited by fatty acids (Feldlaufer et al. 1993a, Feldlaufer et al. 1993b).  
The presence of large amounts of linoleic acid in some pollen (e.g. up to 9.86 mg/g pollen 
for capeweed) could act as a natural biocontrol mechanism within a honey bee colony or 
act as a purgative against deleterious honey bee gut microflora. However, for the   41
protozoan Nosema apis, utilisation of a mixed-species pollen, presumably of 'high lipid' 
content, caused parasite numbers in the mid-gut to increase (Rinderer and Elliott 1977). 
 
The six eucalypt species also had a high level of linoleic acid in their pollen with 
concentrations ranging between 2.77 to 5.81 mg/g pollen, which may act as a natural 
biocide within the colony. For spore-forming bacteria from the genus Clostridium and 
Bacillus, Ababouch et al. (1992) showed that the minimum inhibitory concentration of 
linoleic acid was 30 - 100 µg/ml, which is much lower than the observed levels in eucalypt 
pollen. The high linoleic acid concentration in eucalypt pollen is significant new knowledge 
to the Western Australian beekeeping industry and warrants further research into its effect 
on colony hygiene.  
 
Redgum pollen, had higher levels of the antimicrobial myristic and linolenic acids (besides 
linoleic acid), and in Western Australia this may have a far greater benefit on the health 
status of honey bee colonies than was previously thought. Redgum provides a major 
biennial source of pollen and nectar for the Western Australian beekeeping industry.  If 
further research is stimulated in this area, it should be noted that the starch content of 
pollen or artificial feedstuffs could also affect the biocidal value of the antimicrobial fatty 
acids. Starch concentration in pollen is known to be about 1.8 % (Herbert and Shimanuki 
1978a) and honey bees are able to negate its inhibitory effect by adding enzymes to the 
pollen as it is stored within the colony as 'bee-bread'. The research of Ababouch et al. 
(1992) showed that the addition of 0.2 to 0.3 % (wt/vol) starch neutralised the inhibitory 
effect of linoleic (and linolenic) acid but not dedecanoic acid (lauric). 
 
Linoleic acid is an essential fatty acid required by humans from an external source.  It is 
implicated in helping lower the ratio of low-density to high-density lipoproteins which carry 
such lipids as cholesterol from the body via the liver (Erasmus 1996). The new knowledge 
that eucalypt pollen has a dominance of linoleic acid will have two main effects: firstly 
particular tree species such as redgum in forests will become more important than other 
species and secondly, a potential increase in the demand for pollen may be a lucrative 
business for more beekeepers to diversify into pollen harvesting. 
 
The study into the fatty acid composition of eucalypt species important to the apiary 
industry was limited (this chapter) and there remains a need to document the composition 
of pollen lipids from a wider source of plants, in particular, those native plants found 
growing as under-storey plants in State forests and exotic plants from adjacent farmland.   42
Honey bees collect pollen from a diverse number of plants (see Chapter 1, Fig. 1-3) that 
are composed of fatty acids that vary in composition and concentration (Chapter 2). A 
large dataset of Australian plant pollens from endemic and exotic species is examined for 
fatty acids in Chapter 4. 
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CHAPTER FOUR 
FATTY ACIDS IN HONEY BEE-COLLECTED POLLEN FROM NON-
ENDEMIC AND SOME AUSTRALIAN PLANT SPECIES 
 
INTRODUCTION 
Unlike in Australia, there are a small number of research papers that report the fatty acid 
composition of pollen. The earliest paper from Battaglini and Bosi (1968) examined 15 
species from Italy and, more recently Serra Bonvehi and Escola Jorda (1997) analysed 20 
pollen samples (not species) from Spain. Others include Shawer et al. (1987) and Farag et 
al. (1978) who examined honey bee-collected pollen in Egypt; Loper et al. (1980) who 
analysed almond pollen in California, USA and Evans et al. (1987) who examined the fatty 
acid profile of rapeseed pollen. In Chapter 3, for the first time, six eucalypt species 
important to the Western Australian beekeeping industry were examined. 
 
This chapter catalogues the largest group of honey bee-collected pollens analysed for fatty 
acids to date for both endemic and exotic plant species. The objective, to conduct a 
national survey of pollen for fatty acids was important because it would document for the 
first time a basic dataset that would be important in determining the main fatty acid 
components and concentration from a diverse range of pollen. The benefit in further 
understanding and improving the lipid component that is mixed into artificial feedstuffs, and 
used in the beekeeping industry to enhance bee populations, is critical for increased honey 
production and improved pollination services. 
 
METHODOLOGY 
POLLEN COLLECTION 
Pollen samples trapped from honey bees in specially designed hardware were collected 
from a number of beekeepers in Queensland, New South Wales, Victoria, Tasmania, 
South Australia and Western Australia. Because of quarantine restrictions, pollen from the 
eastern seaboard of Australia was allowed into Western Australia under a special pre-
arranged permit issued from the Western Australian Department of Agriculture and Food. 
 
Each consignment of pollen (up to 200 g) was sorted by colour and a part of the sample 
analysed for fatty acids and one part kept for pollen identification. At the end of the   44
sampling period, the fatty acid data of the pollen were grouped to plant genus (Table 4-1) 
for fatty acid profile comparisons (Figs 4-15 to 4-19). 
 
POLLEN IDENTIFICATION 
Initial pollen identification was made by mixing a small part of the pollen pellet in a drop of 
water on a microscope slide and covering with a standard glass cover-slip and viewing 
under an Olympus binocular compound microscope at x400 (10 x 40) magnification.  
 
Table 4-1.  Plant and pollen identifications as determined by beekeepers and verified by 
microscope examination which are used in Figures 4-15 to 4-19 and sample number. N = native; E 
= exotic. 
Plant 
identification 
Microscope 
identification 
Native/Exotic 
species 
No. of 
samples 
Plant 
identification 
Further 
identification 
Natve/Exotic 
species 
No. of 
samples 
Acacia  various spp.  N  22  Maize  Corn 
Zea mays 
E 3 
Almond  Prunus dulcis  E 8  Pine  Pinus radiata  E 5 
Angophora 
NSW & QLD 
Angophora 
spp. 
N 3  Orchards  incl. 
pear  
Prunus spp.  E  5 
Capeweed   Arctotheca 
calendula 
E 45  Pumpkin  Cucurbita sp.  E  3 
Banksia  various spp.  N  13  Redgum  Corymbia 
calophylla 
N 7 
Canola Brassica sp.  E  49  Willow   Salix spp.  E  7 
Casuarina 
also sheoak 
sheoak N  5  Spotted  gum  Corymbia 
maculata 
N 6 
Clover  Trifolium sp.  E  12  Sunflower  Helianthus 
annuus 
E 10 
Paterson’s 
curse  
Echium sp.  E  28  Turnip weed  Rapistrum sp.  E  5 
Eucalyptus  various spp.  N  136  Vetch/faba 
bean  
Vicia sp.  E  3 
Flatweed  Hypochaeris 
sp. 
E 19  Grasstree   Xanthorrhoea 
sp. 
N 3 
Lupin  Lupinus sp.  E  6 
 
      
 
However, pollen is easier to distinguish by acetylosis (Fig. 4-1). Acetylosis removes oils 
(lipids), protoplasm and intine from the pollen grain. The method of Low et al. (1989) was 
modified for this study.  Bee-collected pellets of pollen (10 - 20 or less) were placed in 
disposable 13 x 100 mm test tubes. A 3 ml volume of glacial acetic acid was added to 
each tube and, with a glass stirring rod, the pellets were broken releasing the individual 
pollen grains into solution. This was allowed to settle for 10 minutes and the liquid was 
decanted to remove all water before acetylosis, leaving a pollen slurry in the tube. A 3 ml   45
volume of a mixture of 9 ml acetic anhydride and 1 ml concentrated sulphuric acid was 
added to each tube and placed into 13 mm cells of a dry heat block which had been 
preheated to 100
oC for 5 minutes. This solution was then allowed to cool, carefully 
decanted and refilled with 3 ml of glacial acetic acid that was pipetted into each tube and 
allowed to settle for 10 minutes. The glacial acetic acid was carefully decanted and 3 ml of 
distilled water was pipetted into each tube with several drops of 10% sodium hydroxide.  
 
Each test tube solution was thoroughly mixed using a vortex mixer and the hydroxide-
water solution was then allowed to settle for 10 minutes. The liquid was carefully decanted 
and replaced with 3 ml of ethyl alcohol and allowed to settle. This was decanted and finally 
replaced with 3 ml of t-butyl alcohol and allowed to settle. The alcohol was decanted 
leaving approximately 2 ml in the bottom of each tube. A glass rod was used to mix the 
pollen into solution and one or two drops were placed onto a slide marked with the 
sample’s number.  
 
The pollen-alcohol mix was allowed to air dry before 1 drop of Depex™, a glue was 
centred over the dried pollen and covered with a glass coverslip.  The slides were 
examined under a x400 Olympus CX-41 compound microscope and images captured with 
an Olympus C-5050 Camedia digital camera to reconcile identifications with beekeepers’ 
labels and to provide a permanent record (see Fig. 4-2). 
 
FATTY ACID ANALYSIS 
The same procedure was followed in Chapter 3. 
 
STATISTICAL ANALYSIS 
Multivariate analysis using hierarchical cluster analysis by GenStat (2005) was used to 
determine the similarities between fatty acid profiles of the five fatty acids common to all 
pollen sampled. The K-means method (R Development Core Team, 2005) apportioned the 
data into cluster groupings (k groups).  Five groups were found to be sufficient when the 
change in the between sums of squares had not changed by more than 5 % between 
sequential models. 
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RESULTS 
The number of pollen samples analysed for fatty acids amounted to 577 which was 72.3 % 
of the total number processed (798), from pollen trap samples sent in by beekeepers. 
Some of the diversity in morphology can be seen in Figure 4-2. 
 
     
    
Figure 4-1. Comparison between fresh pollen and pollen following acetylosis. 1. Fresh bee-
collected jarrah (Eucalyptus marginata) pollen; 2. Jarrah pollen following acetylosis (ex F Smith 
reference collection); 3. Fresh bee-collected flatweed (Hypochaeris sp.) pollen showing external oil 
globules; 4. Flatweed pollen following acetylosis. 
 
Thirty one known fatty acids from C8 to C24-1+22-6 were found to be present in pollen 
with another 42 unidentified fatty acids (labelled as ‘unknown’) being recognised from their 
specific elution times, which were ‘peppered’ between the elution times of the known fatty 
acids (Table 4-2). 
 
Of the 73 fatty acids, the most dominant, with an average concentration of 7.0 mg/g, was 
linolenic acid followed by linoleic acid (5.13 mg/g), palmitic acid (4.49 mg/g), oleic acid 
(1.78 mg/g) and stearic acid (0.53 mg/g) in all pollen samples (N = 577). Fatty acids 
3  4
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prevalent in more than 50 % of pollen samples were C20, found in 574 pollen samples; 
C14 in 564 samples; C17 in 447 samples; C20-1 in 395 samples; C22 in 385 samples; 
C16-1 in 382 samples; C12 and Unk30 in 365 samples; Unk19 in 335 samples; C15 in 314 
samples and Unk15 in 312 samples. 
 
Not all 73 fatty acids were present in all pollen, as some appeared to be specific for some 
pollen and not others. Only 5 fatty acids were common to all 577 pollens analysed: palmitic 
(C16-0), stearic (C18-0), oleic (C18-1), linoleic (C18-2) and linolenic (C18-3) acids. The 
most uncommon fatty acids in pollens were three unknowns: 13, 14 and 42 respectively 
(Table 4-2).  
 
There was a wide range of concentrations of each of the five common fatty acids: palmitic, 
stearic, oleic, linoleic and linolenic acids. The palmitic acid concentration in exotic species 
ranged from 1.02 mg/g (maize) to 8.88 mg/g (pumpkin). For native plants it ranged from 
1.61 mg/g (redgum) to 7.41 mg/g for Casuarina (Fig. 4-15). The standard errors for 
Angophora and Casuarina were large suggesting other species may have been present or 
there was a contamination issue from other pollen during the pollen harvest at the beehive, 
i.e. leakage of lipids from other pollen. 
 
The concentration of stearic acid in pollen was the lowest of the five common fatty acids 
(Fig. 4-16). Exotic plant pollen ranged from a concentration of 0.20 mg/g (maize) to 2.04 
mg/g (pumpkin) and was similar in range to native species [0.23 (spotted gum) to 1.03 
mg/g  (Banksia)]. Flatweed, pumpkin, Casuarina and Arctotheca pollen had the highest 
concentration of oleic acid (Fig. 4-17). Generally, both exotic and native species had 
similar ranges. Oleic acid in exotic pollen ranged from 0.75 to 3.65 mg/g and for native 
plants it was 1.07 (redgum) to 3.57 mg/g (Casuarina). The standard error for oleic acid in 
Casuarina was again high. 
 
The linoleic acid concentration in pollen was extremely variable (Fig. 4-18). Vicia (0.91 
mg/g) was the lowest of a number of exotic species including pumpkin, pine, Echium and 
sunflower, but some were high in concentration like Arctotheca (13.4 mg/g). The lowest 
concentration in native pollen was in Xanthorrhoea and the highest was in Casuarina. 
 
Measurements of linoleic acid from Casuarina and Angophora pollen were again variable 
as shown by the large standard errors. The most variable fatty acid in concentration was 
linolenic acid (Fig. 4-19). The exotic pollen ranged widely from 0.72 to 17.0 mg/g with three   48
(flatweed, Echium and pumpkin) being the highest. Native species were less variable, with 
Eucalyptus being the lowest at 0.99 mg/g and Acacia the highest at 7.14 mg/g. 
 
             
1. 314A [0.15 mm]  2. 315C [0.115 mm]            3. 324A [0.09 mm]              4. 316A [0.17 mm] 
             
5. 324C [0.18 mm]  6. 361C [0.11 mm]             7. 443C [0.06 mm]         8. 375B [0.58 mm] 
         
9. 324C [0.22 mm]           10.327A          11. 362 [0.23 mm]   12. 397B [0.15 mm]  13. 1A [0.18 mm] 
             
14. 1B [0.26 mm]           15. 1B [0.15 mm]           16. 1B [0.14 mm]        17. 1D [0.21 mm] 
             
18. 1F [0.25 mm]             19. 20 [0.30 mm]            20. 22 [0.12 mm]         21. 29A [0.14 mm] 
       
22. 0.32A [0.12 mm]          23. 32B [0.51 mm]        24. 34A [0.34 mm]  25. 34F [0.22 mm] 
 
Figure 4-2. Morphological diversity of some of the pollen collected. Pollen diameter in brackets. Key 
to codes is given on page 50.   49
       
26. 35E [0.27 mm]            27. 79A [0.18 mm]        28. 338Ab [0.17 mm]        29. 338A [0.17 mm] 
                
30. 281B [0.17 mm]    31. 386D [0.12 mm]     32. 422B [0.18 mm]        33. 3C [0.27 mm] 
       
34. 3A [0.13 mm]      35. 27 [0.15 mm]          36. 222A [0.22 mm]         37. 293B [0.125 mm] 
          
38. 445B [0.08 mm]              39. 446B [0.20 mm]    40. 446Ba [0.20 mm]        41. 446B [0.29 mm] 
          
42. 153D [0.51 mm]        43. 402C [0.33 mm]           44. 415B [0.32 mm]              45. 18 [0.17 mm] 
                
46. 149C [0.14 mm]                47. 151F [0.19 mm]      48. 151H [0.24 mm]  49. 259A [0.20 mm] 
 
Figure 4-2. Continued.   50
       
50. 264B [0.25 mm]          51. 265A [0.14 mm]            52. 255B [0.11 mm]          53. OW53 [0.36 mm] 
         
54. 134 [0.40 mm]               55. 132G [0.26 mm]          56. 135C [0.23 mm]         57. 388B [0.17 mm] 
 
Figure 4-2. Continued. 
 
 
KEY TO FIGURE 4-2. 
 
Sample, [pollen diameter], Species, Collector, Location, Date, Colour 
1.  314A, [0.15 mm], Salix sp., D Somerville, Goulburn NSW, September 2002, green-grey 
2.  315C, [0.115 mm], clover?, D Somerville, Bega NSW, December 2002, brown-orange 
3.  324A, [0.09 mm], ?, R Clark, Stoneville WA, October 2002, orange 
4.  316A, [0.17 mm], ?, D Somerville, Bega NSW, December 2001, cream 
 
5.  324C, [0.18 mm], ?, R Clark, Stoneville WA, October 2002, yellow-brown 
6.  361C, [0.11 mm], Hypochaeris sp., R Manning, Bibra Lake WA, February 2003, orange 
7.  443C, [0.06 mm], Echium plantagineum, G Cotton, Meninge SA, October 2003, purple 
8.  375B, [0.58 mm], Primrose Oenothera sp., L Duffield, Coorong SA, February 2003, yellow 
 
9.  324C, [0.22 mm], ?, R Clark, Stoneville WA, October 2002, yellow-brown 
10.  327A, ?, C Fleay, Lancelin WA, October 2002, grey-green 
11.  362, [0.23 mm], Banksia ornata, B Falkenberg, Dimboola Vic, ?, brown-black 
12.  397B, [0.15 mm], Prunus (almond), I Oakley, Carwarp Vic, August 2002, grey 
13.  1A, [0.18 mm], Acacia sp., P Sammut, Badgingarra WA, September 2000, yellow 
 
14.  1B, [0.26 mm], Hakea/Grevillea sp., P Sammut, Badgingarra WA, September 2000, dark red-brown                
15.  1B, [0.15 mm], ?, P Sammut, Badgingarra WA, September 2000, dark red-brown                
16.  1B, [0.14 mm], ?, P Sammut, Badgingarra WA, September 2000, dark red-brown                
17.  1D, [0.21 mm], Hakea sp., P Sammut, Badgingarra WA, September 2000, dirty grey               
 
18.  1F, [0.25 mm], ?, P Sammut, Badgingarra WA, September 2000, dark red-brown                
19.  20, [0.30 mm], Hakea/Grevillea sp., R Tschabotar, Albany WA, May 1998, yellow-brown 
20.  22, [0.12 mm], ?, N Greenwell, Yanchep WA, December 1998, dull yellow 
21.  29A, [0.14 mm], Macrozamia?, H East, Eneabba WA, September 1998, cream 
 
22.  32A [0.12 mm], ?, S Taylor, Kununurra WA, June 1999, cream-brown 
23.  32B [0.51 mm], pumpkin, S Taylor, Kununurra WA, June 1999, orange 
24.  34A [0.34 mm], Pinus radiata, R Manning, South Perth WA, September 2000, cream 
25.  34F [0.22 mm], ?, R Manning, South Perth WA, September 2000, pale-orange 
 
26.  35E [0.27 mm], ?, C Fleay, Lancelin WA, ?, brown-yellow 
27.  79A [0.18 mm], ?, R Jasper, Mt Gibson WA, September 2000, ? 
28.  338Ab [0.17 mm], ?, D Somerville, Bermagui NSW, September 2002, yellow-orange 
29.  338A [0.17 mm], ?, D Somerville, Bermagui NSW, September 2002, yellow-orange 
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30.  281B [0.17 mm], Acacia sp., D Somerville, Bermagui NSW, December 2001, tan-brown 
31.  386D [0.12 mm], ?, L van der Wood, Penguin Tas, ?, orange 
32.  422B [0.18 mm], ?, S Taylor, Kununurra WA, April 2004, orange 
33.  3C [0.27 mm], rockmelon, P Sammut, Kununurra WA, September 2000, cream 
 
34.  3A [0.13 mm], ?, P Sammut, Kununurra WA, September 2000, grey-purple 
35.  27 [0.15 mm], Casuarina sp., J Ligman, Moora WA, May 1998, yellow 
36.  222A [0.22 mm],?, R Manning, South Perth WA, September 2001, ?    
37.  293B [0.125 mm], Pimelia?, S Taylor, Kununurra WA, August 2002, yellow 
 
38.  445B [0.08 mm], Nuytsia floribunda, P Sammut, Brookton WA, December 2004, dark orange 
39.  446B [0.20 mm], Grevillea/Hakea sp., P Sammut, Kununurra WA, July 2004, orange 
40.  446Ba [0.20 mm], ?, P Sammut, Kununurra WA, July 2004, orange 
41.  446B [0.29 mm], ?, P Sammut, Kununurra WA, July 2004, orange 
 
42.  153D [0.51 mm], Grevillea/Hakea sp., R Manning, South Perth WA, March 2001, light yellow 
43.  402C [0.33 mm], ?, R Manning, Bibra Lake WA, October 2003, dark reddish        
44.  415B [0.32 mm], Hakea sp., S Taylor, Brookton WA, January 2004, sultana brown 
45.  18 [0.17 mm], Xanthorrhoea sp., N Greenwell, Yanchep WA, December 1998, cream 
 
46.  149C [0.14 mm], ?, R Manning, South Perth WA, March 2001, bright yellow 
47.  151F [0.19 mm], ?, R Manning, South Perth WA, March 2001, orange-brown 
48.  151H [0.24 mm], ?, R Manning, South Perth WA, March 2001, dark purple 
49.  259A [0.20 mm], Banksia grandis, H East, Dwellingup WA, December 2001, green-grey 
 
50.  264B [0.25 mm], ?, R Clark, Meckering WA, April 2002, orange 
51.  265A [0.14 mm], ?, L Dewar, ? Qld, April 2002, orange 
52.  255B [0.11 mm], Salix?, H Hoskinson, Woodbridge Tas, November 2001, orange 
53.  OW53 [0.36 mm], onion weed, ex Somerville, Carwarp Vic, September 1996, orange 
 
54.  134 [0.40 mm], ?, S Taylor, Wanneroo WA, January 2001, ? 
55.  132G [0.26 mm], ?, R Manning, South Perth WA, December 2000, dark purple 
56.  135C [0.23 mm], palm?, R Manning, South Perth WA, February 2001, bright yellow 
57.  388B [0.17 mm], thistle, D Somerville, Goulburn NSW, October 2000, mauve 
 
 
Of the 577 pollen samples, 19.1 % remain unidentified after microscopic examination of 
acetylosed pollen. There were 23 groups which had more than three representative 
samples that could be identified as either being a named species or genus (see Figs 4-15 
to 4-19). The 23 groups covered 69.8 % of the pollen samples analysed. 
 
A comparative data set of eucalypts from Western Australia and eastern Australia (mainly 
trees from New South Wales) indicated that there was a significant difference (P < 0.05) in 
concentrations of linoleic and linolenic acids for pooled eucalypt data (Fig. 4-3). Pollen 
from the eastern States had higher concentrations of each fatty acid than species in 
Western Australia. 
 
Correlations between the five fatty acid groups showed that palmitic acid (C16) was 
strongly positively correlated with linolenic acid (C18-3) as was oleic acid (C18-1) and 
linoleic acid (C18-2). The other combinations showed weak positive correlations with the   52
only weak negative relationship between linoleic and linolenic acids (Table 4-3, Figs 4-4 to 
4-13). 
 
 
Table 4-2. Mean concentration (mg/g ± S.E.) of 73 fatty acids found in pollen with their trivial names 
where known. 
 Caprylic        Capric       Lauric    
  C8 Unk1  Unk2  Unk3  C10 Unk4  C11 Unk5  C12 Unk6 Unk7 
Mean 0.69  0.38  0.22  0.19 0.13  0.08  0.09  0.12 0.62  0.17  0.07 
SE 0.08  0.08  0.06  0.03  0.01 0.01 0.03  0.02  0.08  0.02  0.01 
n 212  45  44  31  166  46  42 38  365  160 41 
                     
                 Myristic  Myristoleic   
 Unk8  Unk9  C13  Unk10  Unk11  Unk12  Unk13  Unk14  C14  C14-1  Unk15 
Mean 0.07  0.44  0.06  0.06 0.11  0.13  0.11  0.09 0.31  0.07  0.41 
SE 0.01  0.12  0.01  0.01  0.03 0.03 0.03  0.03  0.02  0.02  0.05 
n 46  24  45  59  12  12  8  5  564  123  312 
                     
          Palmitic  Palmitoleic     Margaric   
 C15  Unk16  C15-1  Unk17  C16  Unk18  C16-1  Unk19  Unk20  C17  C17-1 
Mean 0.05  0.10  0.08  0.11 4.49  0.13  0.06  0.26 0.24  0.06  0.13 
SE 0.01  0.02  0.02  0.02  0.10 0.02 0.00  0.02  0.02  0.00  0.01 
n 314  34  25  83  577  112 382  335  227  447  164 
                     
      Stearic   Oleic     Linoleic     Linolenic 
 Unk21  Unk22  C18  Unk23  C18-1  Unk24  Unk25  C18-2  Unk26  Unk27  C18-3 
Mean 0.12  0.14  0.53  0.18 1.78  0.33  0.34  5.13 0.29  0.29  7.00 
SE 0.01  0.03  0.02  0.07  0.04 0.02 0.03  0.17  0.05  0.07  0.26 
n 148  85  577  20  577  327 139  577  123  30 577 
                     
   Arachidic    Gondoic              
 Unk28  C20  Unk29  C20-1  Unk30  Unk31  C20-2  Unk32  Unk33  C20-3+21-0  Unk34 
Mean 0.26  0.28  0.42  0.15 0.23  0.22  0.21  0.10 0.29  0.11  0.35 
SE 0.07  0.01  0.09  0.02  0.02 0.04 0.03  0.02  0.09  0.02  0.06 
n 71  574  44  395  365  97 264  27  20  213  14 
                     
         Behenic        Erucic    
 C20-4  C20-3  Unk35  Unk36  C22  Unk37  C20-5  Unk38  C22-1  Unk39  C22-2 
Mean 0.21  0.25  0.37  0.86 0.27  0.30  0.79  1.66 0.23  0.21  0.41 
SE 0.03  0.03  0.16  0.13  0.02 0.04 0.17  0.32  0.02  0.02  0.13 
n 85  140  13  99  385  134 72  19  142  260  50 
                     
           Lignoceric          
 Unk40  C23  Unk41  C22-4  Unk42  C24  C24-1+22-6         
Mean 0.46  0.48  0.63  0.23  0.42 0.21  0.17         
SE 0.12  0.13  0.12  0.08  0.11 0.01  0.04         
n 38  67  38  17  8  221 72        
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Figure 4-3. The mean difference (± S.E.) in fatty acid profile of pollen from eucalypts growing on the 
east coast of Australia (n = 64) and the west coast of Western Australia (n = 72). Data excludes the 
Corymbia species: redgum and spotted gum (C. maculata). 
 
 
 
 
Table 4-3. Correlation matrix of the five major fatty acid groups found in all samples of pollen. 
Numbers in bold represent the strongest associations. 
 
  C16 C18 C18-1 C18-2 C18-3
C16  1       
C18  0.35  1     
C18-1 0.51 0.29 1     
C18-2 0.31 0.13 0.63  1  
C18-3  0.73  0.27 0.21  -0.10  1 
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Figure 4-4. Correlation of stearic and palmitic acids from all plant pollen samples. 
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Figure 4-5. Correlation of oleic and palmitic acids from all plant pollen samples. 
 
 
y = 0.06x + 0.28, n = 577, r
2 = 0.35 
y = 0.21x + 0.86, n = 577, r
2 = 0.51   55
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Figure 4-6. Correlation of linoleic and palmitic acids from all plant pollen samples. 
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Figure 4-7. Correlation of linolenic and palmitic acids from all plant pollen samples. 
 
 
y = 0.50x + 2.87, n = 577, r
2= 0.31 
y = 1.85x + 1.29, n = 577, r
2= 0.73   56
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Figure 4-8. Correlation of oleic and stearic acids from all plant pollen samples. 
 
 
 
C18 (stearic) and C18-2 (linoleic) mg/g
0
5
10
15
20
25
00 . 511 . 522 . 533 . 544 . 5
Stearic acid
L
i
n
o
l
e
i
c
 
a
c
i
d
 
Figure 4-9. Correlation of linoleic and stearic acids from all plant pollen samples. 
 
 
y = 0.72x + 1.39, n = 577, r
2 = 0.29 
y = 1.32x + 4.43, n = 577, r
2 = 0.13   57
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Figure 4-10. Correlation of linolenic and stearic acids from all plant pollen samples. 
 
 
 
C18-1 (Oleic) and C18-2 (linoleic) mg/g
0
5
10
15
20
25
012345678
Oleic acid
L
i
n
o
l
e
i
c
 
a
c
i
d
 
Figure 4-11. Correlation of linoleic and oleic acids from all plant pollen samples. 
 
 
y = 4.31x + 4.72, n = 577, r
2= 0.27 
y = 2.53x + 0.64, n = 577, r
2= 0.63   58
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Figure 4-12. Correlation of linolenic and oleic acids from all plant pollen samples. 
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Figure 4-13. Correlation of linolenic and linoleic acids from all plant pollen samples. 
 
y = 1.31x + 4.67, n = 577, r
2 = 0.21 
y = -0.16x + 7.82, n = 577, r
2= -0.10   59
Multivariate analysis, using cluster analysis of the 5 fatty acids common to all pollen, 
grouped the data into 5 groups (Fig. 4-14). Group 1 was dominated by capeweed 
(Arctotheca calendula) pollen; Group 2 was dominated by Eucalyptus (mainly eastern 
species), Casuarina and Banksia; Group 3 was dominated by Paterson’s curse (Echium 
plantagineum), Brassica, Grevillea/Hakea and Hypochaeris; Group 4 was dominated by 
Brassica, Hypochaeris, Acacia, Banksia, Salix and Xanthorrhoea; Group 5 was dominated 
by Eucalyptus (Western Australian species), Pinus radiata, Prunus and Cirsium.  
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Figure 4-14. Fatty acid concentration of the five fatty acids present in all pollen samples. Five 
groupings were determined by multivariate analysis. Actual values are listed above each bar-graph. 
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Figure 4-15. Palmitic acid concentration (± S.E.) in 23 types of pollen. 
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Figure 4-16. Stearic acid concentration (± S.E.) in 23 types of pollen. 
 
   61
C18-1 - Oleic acid
0
0.5
1
1.5
2
2.5
3
3.5
4
4.5
5
Maize
Redgum
Prunus
Echium
Brassica
Turnip weed
Sunflower
Angophora
Pine
Eucalyptus
Xanthorrhoea
Vicia
Spotted gum
Banksia
Almond
Lupin
Clover
Acacia
Salix
Flatweed
Pumpkin
Casuarina
Arctotheca
m
g
/
g
 
Figure 4-17. Oleic acid concentration (± S.E.) in 23 types of pollen. 
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Figure 4-18. Linoleic acid concentration (± S.E.) in 23 types of pollen. 
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Figure 4-19. Linolenic acid concentration (± S.E.) in 23 types of pollen. 
 
 
DISCUSSION 
Plant pollen contained an abundant array of fatty acids. After examining a large number of 
exotic and native plant pollen, the number of fatty acids that were common to all plant 
species numbered only five: palmitic (C16-0), stearic (C18-0), oleic (C18-1), linoleic (C18-
2) and linolenic (C18-3) acids. The remainder was spread diversely amongst the various 
plant species that honey bees use. 
 
The results of Serra Bonvehi and Escola Jorda (1997) agree with Battaglini and Bosi’s 
(1968) hypothesis that bees select pollen with a high level of unsaturated fatty acids which 
are more adequate for honey bee metabolism. The unsaturated fatty acids are less stable 
and more chemically active than saturated fatty acids which are stable and inert (Erasmus 
1996). Of the five common fatty acids found in all pollen examined, both palmitic and 
stearic acids are saturated fatty acids, oleic acid is a monounsaturated fatty acid, linoleic 
acid is a polyunsaturated fatty acid (also known as omega 6) and linolenic acid (proper 
name is alpha-linolenic) is a superunsaturated fatty acid (also known as omega 3). There 
are strong linear correlation relationships between palmitic and linolenic acids, a saturated 
and unsaturated fatty acid, respectively and between oleic and linoleic acids, both   63
unsaturated fats. The correlations are not understood but are presented here to foster 
further research. 
 
The lipids found on the surface of pollen are comprised of the more highly saturated fatty 
acids than the lipids within the cytoplasm of the pollen (Evans et al. 1987; Scott and Strohl 
1962). The cytoplasm can contain twice as much lipid as found on the surface of pollen 
(Evans et al. 1987). The efficiency of pollen digestion would therefore play a role in the 
liberation of unsaturated fatty acids from the internal structure of pollen which could 
depend on pollen morphology. 
 
The differences in average concentrations of palmitic, stearic, oleic, linoleic and linolenic 
acids between east and west coasts of Australia were also borne out in a cluster analysis. 
The unsaturated fatty acids were found to occur in higher concentration in the pollen of the 
east coast eucalypts. This may be due to the total lipid of east coast pollen being higher 
overall which would cause a decrease in percentage of protein in the pollen. Pollen with a 
high lipid concentration always has low content of protein when compared to pollen with 
low lipid levels. Plant genera found in more than one group (Fig. 4-14) such as 
Hypochaeris, Banksia and Brassica could arise because of differences in species or in the 
case of canola (Brassica), differences of fatty acid profiles in bred varieties. 
 
Of the five common fatty acids, oleic and linoleic acids will be used in experiments to 
understand their effect on honey bee longevity (see Chapter 7), head weight which 
indicates the stage of hypopharyngeal gland development (see Chapter 8) and honey bee 
nutrition (Chapter 9). 
 
Oleic and linoleic acids were chosen because they are two of the five commonly found 
fatty acids in pollen (Chapter 4). Oleic acid is the dominant fatty acid in honey bees 
(Chapter 1) and is a monounsaturated fatty acid.  Linoleic acid is a dominant fatty acid in 
eucalypt pollen (Chapter 3) and is a polyunsaturated fatty acid that is one of two essential 
fatty acids which also happens to have antimicrobial activity.   64
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CHAPTER FIVE 
 
EXPERIMENTAL DESIGN, CAGE EXPERIMENTS AND DIETS 
 
INTRODUCTION 
This chapter describes the method used to test diets of pollen enhanced with two 
common fatty acids: oleic and linoleic, a range of soya bean flour diets with different 
lipid concentrations and a possible import substitute for soya bean flour: lupin. 
Chapters 6, 7, 8 and 9 refer to the methodology described here. 
 
METHODOLOGY 
HONEY BEES 
Newly emerged honey bees were obtained from drawn frames placed into nucleus 
colonies 21 days prior to an experiment testing lipid-enhanced pollen diets. One clean 
drawn frame was placed into 36 nucleus colonies to hatch as many bees as possible at 
the same time. Genetically, the queen bees were all sisters of the same age as Milne 
(1980) found analysis of variance on the length on life of bees in cages revealed highly 
significant differences between colonies sourced for bees. 
 
Frames of bee brood were hatched in a warm room and the emerged bees were gently 
brushed into an empty cardboard cylinder every 4 hours for 2 days (except overnight, 
where the emerged bees were up to 12 hours old before being harvested). The cylinder 
of bees was gently rolled to mix bees. Handfuls of bees were gently scooped out by 
hand and released into a funnel on a stand whose end was fitted over the neck of a 
plastic bottle, which had been placed on a two decimal Sartorius weighing balance.  
 
Approximately 30 g of bees was placed into the plastic bottle at a time. This was 
repeated until approximately 145 g (c. 1400 individuals) were weighed out into 12 
cages. A fertile queen bee was introduced into each cage. 
 
Bees from the apiary were marked with white paint on the dorsal thorax (Fig. 5-1) when 
they were about 12 hours to one day old. Approximately 400 emerged bees were 
marked and returned to a single nucleus hive. Fifty bees were removed weekly on the 
same day as 50 bees were removed from the 12 cages for measurement of head 
weight, protein, lipid, fatty acids and minerals (see Chapters 8 and 9). 
   66
Each experiment (replicate) was conducted over 6 weeks, which was considered to be 
the average duration of a normal honey flow.  The total time of each experiment was 63 
days (21 + 42). 
 
The data in Chapter 6 which was confined to bee samples measured from Experiment 
7 were obtained by visually examining the remaining bees from each cage for being 
hairy or hairless. Heads were removed and weighed fresh. From Experiment 1 to 6, the 
phenomenon was observed but not recorded. 
 
The data in Chapter 9 were obtained by removing the gut (Fig. 5-2) from approximately 
80 % of the 20,903 bees which all had their heads removed for weighing (Chapter 8). 
They do not include the 1,970 bees that were either gutted or had their heads removed 
in Experiment 2 (Table 5-1) which were excluded from results because of the influence 
that fungal contamination of the cane sugar syrup had on the data. Each honey bee 
had its sting apparatus and gut removed prior to analysis (Herbert et al. 1970). By 
carefully pulling the sting with a pair of tweezers, the rectum comes out first, followed 
by the anterior intestine and the ventriculus (de Groot 1953), as shown in Fig. 5-2. 
 
 
Figure 5-1. Marked emerged bees in a hive in the apiary.   67
 
Figure 5-2. The gut removed from honey bees.  L - R: honey stomach/sac (A), 
ventriculus (B), anterior intestine (C), rectum (D) and sting apparatus (E). 
 
CAGES 
Twelve wooden cages were built (W 405 mm x L 405 mm x H 505 mm) each had a 
meshed (2 x 2 mm) sidewall  and an enclosed access point made from muslin cloth 
(Fig. 5-3). Inside of each cage was a smaller wooden cage (W 130 mm x L 240 mm x H 
205 mm) which housed the newly emerged honey bees and their sugar, water and food 
supply (Fig. 5-4). The inner cages were heated from the exterior by thermal heating 
tapes set at 39
oC and by a re-circulating fan heater set at 31
oC that heated the room 
where the cages were located. Four shallow trays of water were placed on the floor of 
the room for humidity.  
 
However, like Herbert et al. (1970), temperature and humidity varied and were 
recorded on Hastings Tinytalk™ data loggers. Each cage had a removable beeswax-
coated piece of plastic foundation (L 145mm x H 105 mm) in which the bees could 
build comb and raise brood during the six week experiment. In prior tests, the cages 
and comb were successfully occupied by the small colony of bees. Wax foundation 
was drawn and bees raised brood (Fig. 5-5). 
 
POLLEN 
The source of protein provided to the caged bees was from pollen produced by the 
endemic Western Australian redgum which had an average protein concentration of 
26.7 % (Manning 2000) to 27.9 % (Bell et al. 1983). The concentration of protein was 
high and showed no limitations of amino acids that would affect honey bee 
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development as defined by De Groot (1953). The pollen is harvested in abundance by 
beekeepers, exported and used as an ingredient in the production of supplementary 
feedstuffs for the Australian beekeeping industry. Redgum pollen (RG) has an average 
lipid concentration of 0.88 % (Manning and Harvey 2002) to 1 % (Bell et al. 1983) and 
its fatty acid profile has been established (Manning 2001, Manning and Harvey 2002, 
see also Chapter 3). Mineral concentration of the pollen was published by Manning 
(2000) and Bell et al. (1983). Crushed and sterilised
∗ redgum pollen (cRG), that was 
irradiated at 20 kilo G and 6 years old (harvested fresh in 1997) at the start of the 
experiment, was used to fortify the soya bean and lupin flour diets. The cRG pollen had 
always been stored in a cool room at about 10
oC.  
 
 
Figure 5-3. The author with twelve cages used for the experiments. 
 
FATTY ACID ENHANCED DIETS 
Pollen trapped from redgum was enhanced by thoroughly mixing 2 % (i.e. 1 g fatty acid 
in 49 g pollen), 6, 10 or 16 % of linoleic acid to form 4 treatments. The mix was 
identical for oleic acid for the second concurrent set of 4 treatments. Linoleic (Sigma 
Chemicals Cat No 102187 Lot No 5207B) and oleic acid (Unilab Lab Reagent B/No 
H2H129) when mixed with pollen gave diets that differed in texture. The 2 % pollen mix 
                                                           
∗ The sterilization process has been commercially available to Eastern Australian beekeepers to combat 
American Foulbrood disease and is normally used to sterilize pollen fed back to colonies of honey bees.   69
texture was crumbly and the 6 and 10 % mix was a soft paste resembling the texture of 
peanut butter. The 16 % mix was similar but very sticky. The nutritional qualities of 
each diet are given in Table 9-1, Chapter 9.  
 
Diets were replicated sequentially three times (Experiments 1, 2, 3, and 7) between 
October 2003 and February 2005 (Table 5-1) where honey bee longevity was 
measured (Chapter 7). The number of bees gutted for analysis of nutrients was 11,053 
(Chapter 9). Every bee sampled, including those gutted had their head removed and 
weighed (Chapter 8) 
 
FLOUR - SOYA BEAN AND LUPIN DIETS 
Soya bean (Glycine max) and lupin beans were milled into flour by commercial 
processors. The high-fat soya bean flour (FF) was commercially sold as ‘full-fat flour’ 
(Ben Furney Flour Mills, Dubbo, NSW; product code SF20) whilst the medium-fat flour 
(DF) was sold as ‘defatted flour - non GM’ (Ben Furney Flour Mills, Dubbo NSW; 
product code SF25) and was subject to expelling and solvent extraction. Soya bean 
flour with the lowest fat (PRO) was commercially sold as Promine (product code HV; 
soy protein concentrate, Fort Wayne IN, USA). Lupin flour was prepared by milling 
Lupinus angustifolius var. myallie seed and was supplied by Dr John Snowden, 
Western Australian Department of Agriculture and Food. 
 
Each flour type was enhanced with 10 % cRG pollen. Defatted soya bean flour (DF) 
was additionally enhanced with 20 and 30 % cRG pollen. The nutritional qualities of 
each diet are shown in Table 9-2, Chapter 9. Each feed mix was placed into test tubes 
as described above. Each diet was replicated sequentially three times (Experiments 4, 
5 and 6; Table 5-1) where honey bee longevity was measured (Chapter 7) between 
June 2004 and December 2004. The number of bees gutted for analysis of nutrients 
was 9,850 (Chapter 9). Every bee sampled, including those gutted had their head 
removed and weighed (Chapter 8). 
 
Each 50 g diet was placed into a test tube, which was set at an angle into the side of 
the cage to avoid spillage by bees (Fig. 5-4). The feedstuffs and controls in each 
experiment were randomly assigned to the 12 cages. 
 
There were two controls in each experiment: 7 - 8 year old redgum pollen that had 
been dried, crushed and irradiated (cRG); and fresh bee-collected redgum pollen (RG) 
which had been frozen since the beginning of the first experiment was mixed for the 
same period as used to mix the fatty acid incorporated treatments.    70
SUGAR SOLUTION AND WATER SUPPLY 
 A 52 % sucrose solution was fed into cages via an inverted bottle with a single 1.6 mm 
hole drilled into the plastic lid placed over a 40 mm hole in the top of the cage (Fig. 5-
4). The two sucrose solutions were fed ad libitum. The caged bees were fed double-
distilled water ad libitum in the same way as the sucrose solutions (Fig. 5-4). There 
were two sugar controls in each experiment: one mixed from dry sugar; and a 
commercially inverted liquid sugar from Sugar Australia that was diluted to 52 %. 
 
 
VIRUS EXAMINATION 
The bees in Chapter 6 were subjected to a viral examination. Honey bee heads from a 
sample of bees remaining in the freezer after the conclusion of the experiment were 
examined by the virology laboratory at the Western Australian Department of 
Agriculture. Rinderer (1974) obtained virus suspensions after grinding heads of sick 
bees with a mortar and pestle.  Eleven samples, each containing about 10 bee heads 
were examined by a veterinary pathologist using transmission electron microscopy. 
 
SUMMARY OF EXPERIMENTS 
Table 5-1 is the experimental schedule that shows the feedstuff type, when bees were 
born, and start and finish dates for the experiments. 
 
Table 5-1. Experimental schedule. 
Experiment  Replicate  Feedstuffs tested  Bees born  Start date  Finish date  Comment 
 
1  1  12 fatty acid 
enhanced 
pollen diets 
16 - 17 Sept 
(spring) 
9-Oct-2003 20-Nov-2003  
2  2  12 fatty acid 
enhanced 
pollen diets 
4 - 5 Nov 
(summer) 
27-Nov-2003 8-Jan-2004  Experiment 
repeated 
 
3  3  12 fatty acid 
enhanced 
pollen diets 
20 - 21 Jan 
(summer) 
12-Feb-2004 25-Mar-2004   
4  1  12 Flour diets  1 - 2 Jun 
(winter) 
24-Jun-2004 5-Aug-2004   
5  2  12 Flour diets  27 - 28 July 
(winter) 
19-Aug-2004 30-Sept-2004   
6  3  12 Flour diets  12 - 13 Oct 
(spring) 
3-Nov-2004 16-Dec-2004  
7 Repeat 
Exp 2, 
Rep 2  
12 fatty acid 
enhanced 
pollen diets 
21 - 22 Dec 
(summer) 
13-Jan-2005 24-Feb-2005  Repeat 
Exp 2,  
Rep 2 
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Figure 5-4. Cage used for the experiments. Left-hand side of cage (not in view) is 
made of mesh as is the removable floor of the cage.  Diets were supplied via the test-
tube.  Bottles on top of cage supplied either distilled water or sugar syrup. 
 
 
Figure 5-5. In test experiments, the bees readily drew the wax from the plastic 
foundation and raised brood. 
 
 
Sealed 
cells of 
sugar 
syrup
Brood area 
where queen 
has laid eggs 
Additional 
comb built by 
bees inside cage   72
   73
CHAPTER SIX 
 
“HAIRLESS” PHENOTYPE IN A CAGED SINGLE COHORT OF 
HONEY BEES AS A POTENTIAL INDICATOR OF BEHAVIOURIAL 
STATUS 
 
INTRODUCTION 
Honey bees kept in cages for nutrition experiments can be used to demonstrate the effect 
of various feedstuffs on honey bee physiology such as longevity and development of the 
hypopharyngeal gland (Haydak 1970). Thus the normal external sources of protein (pollen 
either stored in or entering the colony) are prevented from influencing the result.  
 
During the series of caged-bee experiments (described in Chapter 5) hairless bees were 
observed in cages. This phenotype of bee was distinctively hairless, displaying noticeable 
wing tears and was present in all cages supplied with different diets (Fig. 6-1A). All other 
bees within the cages resembled young hairy bees, usually a condition associated with the 
caste of nurse bee (Fig. 6-1B). 
 
The hairless bees resembled older bees whilst the hairy bees resembled young nurse 
bees. Similar hairless bees have been seen in the field by Western Australian beekeepers, 
especially associated with foraging on Banksia flowers where bees have to squeeze past 
dense arrays of stamens to access the nectaries.  
 
It was hypothesized that the hairless bees were of forager status and would, as a 
consequence, have lighter head weights than the nurse bees of the same age which 
should still have a well developed hypopharyngeal gland (i.e. have a heavier head weight 
than foragers). Foraging honey bees have lighter head weights due to the reduction in size 
of the hypopharyngeal gland (Dade 1962). Head weight mass and hypopharyngeal gland 
acini size are positively correlated (r
2 = 0.80; n = 540 bees: as shown by researchers at the 
Australian National University, Dr I Wallis, pers. com.). 
 
The literature also reports on a phenomenon where 'shiny-black hairless' bees, similar to 
that seen in this study, were observed in experimental hives in the USA (Rothenbuler et al. 
1969). They were described as being caused by an unknown pathogen at the time but   74
later, this phenomenon was tentatively associated with virus-like particles (Kulincevic et al. 
1969). Burnside (1933) described a similar pathogen that produced hairless bees and 
referred this as a disorder of adult honey bees known as 'paralysis'. Later, Gochnauer 
(1978) described a similar disorder as viral 'black bee syndrome' or hairless-black 
syndrome (HBSV) in which Rinderer (1974) isolated a non-occluded virus. The virus was 
similar in morphology to chronic bee-paralysis virus (CBPV) and serologically 
indistinguishable (Rinderer and Green 1976). 
 
A large number of researchers who have studied honey bees in caged bee experiments do 
not record this observed phenotypic change in any publication and it is described here for 
the first time. 
 
 
 
 
Figure 6-1. An example of the two types of bees of the same age observed at the conclusion of a 
42 day cage feeding experiment.  Heads have been removed. A (top) bees with hairless patches, 
some with wing tears; B (bottom) normal hairy nurse bees from the same cage. 
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METHODOLOGY 
The general procedures have been described in Chapter 5. 
 
To ascertain whether the observed visual differences of the bees in cages corresponded to 
any physical change within the bee, fresh head weights were obtained from a sub-sample 
of bees of hairy and hairless phenotypes that remained alive after 42 days in the last 
replicate, which was one of three (Experiment 7, Chapter 5). The bees were fed fatty acid 
(oleic and linoleic) enhanced diets (see Chapter 5). 
 
Following the conclusion of the 6 week experiment, all cages of bees were placed into a -
20
oC freezer for 24 hours. From each cage the bees were separated into groups based on 
whether they were the hairy or hairless phenotype. Heads were removed by scalpel and 
weighed. 
 
STATISTICAL ANALYSIS 
Means and standard deviations are given in the figures. Differences between the means of 
the various treatment groups were analysed with a simple analysis of variance model 
using the restricted maximum likelihood (REML) procedure in GenStat (2005) because of 
unequal numbers of bees in the groups. 
 
The analysis was done using a factorial subdivision of the treatments into cRG, RG vs the 
rest (linoleic/oleic acid), where the rest have a factorial of rate (2, 6, 10, 16 %) x fatty acid 
(L,O). The data were constructed into factors: AGE (hairy/hairless); PCT (2, 6 10, 16 %); 
TREAT (L (linoleic acid), O (oleic acid), cRG (crushed redgum), RG (fresh redgum pollen); 
OTHER (LO), cRG, RG; FEED (2%L, 2%O, etc). The variate was fresh head weight (mg). 
 
Hence, the simple REML model was FIXED = OTHER/(AGE*TREAT*PCT), random being 
left as blank  (GenStat equation 1), which by default is the average within treatment bee 
variability. 
 
To test linear and quadratic trends, two columns of variates were added to the data set: 
Linear x (2, 6, 10, 16) and Quadratic x
2 (0, 4, 36, 100, 256) and analysed using the model: 
 
OTHER/(TREAT*AGE*(x+x
2+PCT)), random being left as blank (GenStat equation 2). 
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A binomial model, fitted using a generalised linear model in GenStat with a similar 
treatment model as in REML above, was used to examine the proportion of hairless bees 
in the population that were subjected to different fatty acids. The data were constructed 
into factors: LorO (yes or no [RG/cRG]); TREAT (linoleic, oleic or none [RG/cRG]); PCT 
(2, 6, 10, 16 or 0 %) and the variate, the percentage of hairless bees over total population 
for each diet. The data were analysed using the model: 
 
LorO/(TREAT*PCT) (GenStat equation 3) 
 
Results are given as predicted means from the models together with SE or 5 % LSD. 
Differences between groups were considered to be significant at the 5 % level of 
significance (P = 0.05). 
 
RESULTS 
CHARACTERISTICS OF HONEY BEE PHENOTYPES 
Initial head weights, when honey bees emerged prior to the experiment, are given shown 
in Figure 6-2. Fresh head weight data from the redgum pollen-fed cages (controls) (there 
were no bees remaining in the two sugar controls at 42 days) were pooled and graphed 
(Fig. 6-3). The frequency distribution shows two distinct groups of bees: hairless and hairy 
despite all of the bees being the same age. The heavier-headed hairy bees in Figure 6-3 
were described as being 'overaged nurses' in single cohorts by Robinson (1992). 
 
The whole data set (n = 2,699) when graphed showed the same response (data not 
shown) as the redgum fed bees graphed in Figure 6-3. The shift in head weight from 
emerged bees, which initially filled the cages (Fig. 6-2), to that 42 days later (Fig. 6-3) was 
remarkable given the length of time the bees were caged. 
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Figure 6-2.  Frequency of fresh head weights of emerged bees (n = 108) at the beginning of a 
feeding experiment. Average head weight  = 10.9 mg. 
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Figure 6-3.  Frequency of fresh head weights of bees fed RG pollen (n = 289) from a sub-sample of 
n = 93 bees at the conclusion of a 42 day feeding experiment.  Lines illustrate smoothing +3 moving 
average. 
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HAIRY AND HAIRLESS BEES VERSUS HEAD WEIGHT 
Predicted means showed a significant difference (P < 0.001) between the head weights of 
hairless (6.70 ± 0.07 mg, n = 425) and hairy bees (10.2 ± 0.09 mg, n = 500), respectively 
(5 % LSD = 0.19). The hairless bees observed in the experiment had the lightest head 
weights, which correspond to head weights expected of foraging bees (older bees). The 
lighter head weights of the hairless bees may have been due to the resorption of the 
hypopharyngeal gland. Head weight was capable of responding to diet, especially for a 
diet of pollen containing 6 % linoleic or oleic acid (Fig. 6-4). 
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Figure 6-4. Head weights of hairless and hairy honey bees fed a redgum pollen diet mixed with 
various rates of linoleic acid and oleic acid. Mean ± S.E. (5 % LSD = 0.588). 
 
For both diets, where linoleic and oleic acids were mixed with RG pollen, the head weights 
of hairy and hairless bees were clearly separated and followed a similar trend to each 
other in response to diet (Fig. 6-4). However, from REML equation 1, a significant 3-way 
interaction was found (P = 0.018) where the response curves were not the same across 
both types of bee (hairy and hairless) and for both fatty acid diets. 
 
EFFECT OF DIET ON PHENOTYPE 
An analysis by REML of FEED*AGE showed there was a significant difference (P < 0.001) 
between hairy and hairless bees and diet. 
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Both groups of bees (hairless and hairy) responded to diet in a similar manner.  The 
addition of 6 % linoleic acid to diet led to an increase in head weight whilst a 6 % addition 
of oleic acid gave a reduced head weight (Fig. 6-4).  Using equation 2, a significant 
difference was found between the quadratic trends of both types of bee by fatty acid 
(linoleic or oleic) (P = 0.003).  Linear trends seemed similar (P  = 0.452) suggesting overall 
there is a common decay of head weight as fatty acid concentration increased (Fig. 6-4). 
 
PROPORTIONAL SHIFTS IN HAIRY AND HAIRLESS POPULATIONS WITH DIET 
The proportion of hairless bees in the cage population after 42 days was 20.8 % (464 
hairless vs 2,235 hairy).  From the binomial model, the predicted percentage of hairless 
bees in cages fed oleic acid was higher (21.8 ± 1.34 %, n = 4) than those fed linoleic acid 
(15.6 ± 1.05 %, n = 4) and significantly different (P < 0.001).  Cage bees fed redgum pollen 
showed a similar percentage (12.8 ± 1.39 %, n = 2) of hairless bees as linoleic acid-fed 
bees (data not shown). A significant difference (P < 0.001) was found when different rates 
of fatty acids were added to the diet and a significant interaction (P < 0.001) was found 
from equation 3. Generally, hairless bees were in higher percentages amongst populations 
of bees fed oleic acid enhanced pollen diets. The phenotype reversal for the 10 % rate is 
unexplained (Fig. 6-5). 
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Figure 6-5.  Mean percent of hairless bees in the cage population (± 5 % LSD) after a 42 day cage 
experiment. 
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MICROSCOPY 
No viral particles were detected by transmission electron microscopy in 11 samples, each 
containing up to 10 heads, by the Animal Health Laboratories, Department of Agriculture 
and Food, Western Australia (Electron micrographs not presented). 
 
DISCUSSION 
The data support the hypothesis that the hairless bees observed in the experiment (see 
Fig. 6-1) were of “forager status”. This indicates that a clear division of labour amongst 
bees of the same age had developed within the cages (Fig. 6-3). The data support the 
findings of Robinson et al. (1989) where single-cohort colonies establish a division of 
labour within a few days.  This is in contrast to what normally occurs in a functional free-
flying colony of honey bees where young bees have enlarged hypopharyngeal glands and 
foraging bees have reduced hypopharyngeal gland acini that are comparable in size to 
emerged bees (Lass and Crailsheim 1996). In previous studies, the forager bees identified 
from cages were likely to have entered the forager caste at about day 4-6 (Schulz et al. 
1998), 5 days (Robinson 2003) or day 13 (Robinson et al. 1989).  
 
In 1940, Milojevic (1940) recorded a similar observation to that presented in Figure 6-3, 
albeit in different proportions. At the conclusion of his 70 day experiment involving 
emerged bees (single cohort), he found 70.6 % of the remaining bees had well-developed 
hypopharyngeal glands (viz. heavy head weights); 18.1 % had partially developed glands 
and 11.3 % had entirely reduced glands (light head weights). The difference in proportions 
is perhaps largely due to the different tasks confronting the caged bees. Milojevic's student 
used combs of young brood in cages whereas in the experiment (in this chapter) the 
emerged bees had initially no brood because the bees had to build their combs from 
supplied waxed plastic foundation. At the time, Milojevic noted that the appearance of 
social differentiation of individual bees was in sharp contrast to normal bee activity, which 
is linked to definite age classes. Milojevic's 'forager' caste percentage (11.3 %) is similar to 
levels (5 - 10 %) shown by Giray and Robinson (1994) [cited in Elekonich et al. 2001] from 
single cohort colonies in cages. In this experiment, the percentage of bees with light head 
weights and in hairless condition, suggesting forager status, was 20.8 %, which was within 
the range of Milojevic's data. 
 
Since the publication of Milojevic's paper, it has been well established that manipulation of 
the age demography of a colony does cause accelerated, retarded or reversed   81
behavioural development of honey bees (Huang and Robinson 1996). In the case where a 
single cohort of emerged bees is used in a cage experiment, behavioural development is 
retarded because the aging population structure results in the appearance of 'overaged 
nurse' bees (see Fig. 6-3). These over-aged nurse bees continue to care for larvae and the 
queen rather than follow the normal caste-age related development (polyethism) to forager 
(Robinson 1992).   
 
The ability of the honey bee to perform tasks outside of or switching within their normal 
(generalised) caste repertoire namely, nurse bee>house bee>field bee, is a response to 
changes in population structure.  Some examples are: establishment of a colony after 
swarming (bees are aging and are not being replaced immediately with nurse bees); time 
of year (e.g. after winter, colonies could be broodless, i.e. no nurse bees), food availability 
(e.g. poor pollen or nectar flows where the queen stops laying), predation (e.g. by rainbow 
birds [Merops spp.] which can severely reduce the number of foraging bees) and climate 
(e.g. drought/rain, which affect food supply).   
 
The method of randomly collecting bee samples from cages could result in the data being 
too variable due to the very fact that some of the collected bees could, by the nature of 
their altered behavioural development, belong to different castes. For example, there are 
significant differences between nurse bees and foragers for juvenile hormone titres (Huang 
and Robinson 1996, Robinson et al. 1989), hypopharyngeal gland development 
[responding to protein] (Maurizio 1950, Maurizio 1954), haemolymph proteins such as 
vitellogenin (Fluri et al. 1982), protein synthesis (Knecht and Kaatz 1990), iron 
accumulation (Locke and Nichol 1992), abdominal lipid (Toth and Robinson 2005) and diet 
(Crailsheim  et al.1992). Thus, considering a couple of these scenarios, samples could 
contain bees with either well-developed glands or poorly developed glands or low and high 
concentrations of a mineral such as iron. 
 
By noting the physical state of at least one of the age castes in cage experiments, i.e. the 
hairless bees, then one source of variability in the data could be eliminated and perhaps 
deliver a better outcome of statistical significance. However, nurse bees alone can also 
contribute some variability to results. Brouwers (1982) showed that the activity of fully-
grown hypopharyngeal glands of bees in a queen-right colony with same-aged summer 
bees (young nurses) showed conspicuous variation.  
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The present results also suggest that oleic acid caused an increase in hairless bee 
numbers in those cages fed redgum pollen enhanced with this fatty acid. Pollen with 
normally high concentrations of oleic acid may have a significant influence, in terms of 
aging/longevity, on bee populations in the field.  A survey by Manning (2001) (Chapter 2) 
showed considerable variation in the percent of oleic acid present in the pollen from a 
range of plant species. 
 
As far as a viral pathogen is concerned, Gochnauer's (1978) review mentioned that 
infected adult bees seem to age more rapidly than healthy bees (in relation to sacbrood 
virus). Rinderer (1974) found that mortality from viral infection was tempered by the 
feeding of sugar, which he considered contained ribonuclease that could destroy infectious 
RNA, as most viruses are RNA viruses (Gochnauer 1978). 
 
Gochnauer (1978) noted that the presence of paralysis viruses in bees did not cause a 
readily identifiable natural infection and in bumblebees for example, paralysis virus 
seemed to occur naturally in different species again without any evidence of symptoms. 
Burnside (1933) noted sick bees may retain their hair or become partially or nearly 
hairless. In cage experiments by Burnside (1933), some bees inoculated with extract 
prepared from macerated sick bees showed no difference in death rate or symptoms of 
paralysis to bees not inoculated, and that this had some relationship to the temperature of 
the room where the experiment was conducted. I did not notice any of the symptoms 
Burnside described: 'trembling of the body and wings, sprawled legs and wings and 
greasy-looking abdomens'. Kulincevic  et al. (1973) noticed in their cage experiments 
(using about 100 bees in each) that the disease (characterized by bees attacking sick 
bees) developed in all cages without any intentional introduction of the pathogen. 
 
There appears to be some inconsistency whether the virus described has an associated 
connection to the hairless phenotype observed in cage experiments. Our examination 
supports the view that there is no connection and that the phenotype is a phenomenon 
resulting from cage experiments in which single cohort honey bees rapidly undergo 
behavioural change. Head weights strongly associate hairlessness with bees being of 
forager status or "older bees" in a same-age colony. 
 
Unfortunately, the phenomenon of hairless bees was revealed in the final experiment of a 
series that determined the longevity of bees fed pollen that was enhanced with fatty acids 
and the last experiment conducted for this project. The differences in head weight   83
measured from the two phenotypes of bee were significantly different, but as a proportion 
of the population under experiment, the influence of the hairless bees on the data was 
relatively minor. I therefore conclude that for the following Chapters (7, 8 and 9), the 
observation discussed in this chapter, would have had little or no bearing on the outcomes 
presented. Nevertheless, in future work, it may be worth recording the phenotype 
differences alongside the other data recorded for statistical purposes when cage 
experiments are conducted. 
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CHAPTER SEVEN 
 
LONGEVITY OF HONEY BEES FED LINOLEIC AND OLEIC ACID 
ENHANCED REDGUM (CORYMBIA CALOPHYLLA) POLLEN 
DIETS; HIGH AND LOW-FAT SOYA BEAN FLOUR DIETS AND 
LUPIN AND FLOUR DIETS MIXED WITH REDGUM POLLEN 
 
INTRODUCTION 
Australian beekeepers manage their bee on eucalypt floral resources that are typically 
low (by world averages) in pollen lipids (Chapter 3). Eucalypts from eastern Australia 
have lipid concentrations below 2 % (Chapter 2). In Western Australia, two of the major 
eucalypt species utilised by beekeepers, redgum and jarrah (E. marginata), have pollen 
that are also low in lipid at 0.88 and 0.59 %, respectively (Manning and Harvey 2002). 
 
Honey bees evolved in Europe where floral pollens are generally richer in lipids 
(Chapter 2). Pollen from the United States of America, particularly in California also 
have a high lipid content, averaging 4.96 % (Todd and Bretherick 1942) and 9.2 % 
(Standifer 1966b). By comparison, Australian eucalypt pollen are depauperate in lipids 
and this might affect honey bee longevity.  
 
Length of life of the worker bees is one of the three primary factors that govern honey 
production besides average daily brood production and individual productivity of worker 
bees (Woyke 1984). Kunert and Crailsheim (1988) found that the shortest life-spans 
occurred in periods when nectar and pollen were plentiful. 
 
There have been relatively few studies on honey bee longevity following the 
consumption by bees of pollen from different species (containing different protein and 
lipid levels). A few studies on longevity exist where artificial diets have been tested 
(Winston et al. 1983).  Schmidt et al. (1989) found that the longevity of bees fed pollen 
from wind-pollinated species was less than those fed sugar-only diets (no protein), 
perhaps indicating the absence of pollen attractants, presence of pollen deterrents, 
toxic compounds (e.g. in Typha latifolia) or a poor nutrient balance. Honey bees fed 
other pollen had increased longevity. For example, bees fed dandelion (Taraxacum 
officinale) pollen had life-spans of 6.4 days greater than diets containing only sugar, 
whilst bees fed pollen from Rubus sp., Populus sp1 and sp2 had life-spans of 28.4, 
38.0 and 28.6 days greater than the sugar controls, respectively.  These differences   86
were significantly correlated with the amount of pollen consumed, protein concentration 
of the pollen and total amount of pollen protein consumed (Schmidt et al. 1987).  
 
A study of survivorship of foraging bees by Visscher and Dukas (1997), outside of a 
cage experiment, flying under natural conditions, showed 2 week-old bees which had 
started to forage had a life-span of 7.7 days.  The short life-span was due to the high 
likelihood of death by predators and indicates the usefulness of using caged-bee 
experiments to eliminate other factors that might cause variation in data when 
evaluating artificial honey bee diets. 
 
Honey bees require carbohydrates, proteins, vitamins, minerals and water for growth 
and development of the colony.  These elements are sourced mainly from pollen and 
nectar. However, in times of floral dearth, colonies of bees gradually use up stored 
resources within their hive and when depleted can survive for a period on the protein 
and lipids stored in their body.  During this period, the queen bee stops laying eggs and 
the colony population weakens. For beekeepers, this process is destructive for their 
business.  Beehives need strong, populous colonies in order for the bees to store 
surplus nectar, which is then harvested commercially. 
 
For many years, artificial sources of protein and lipid have been researched to 
substitute for the occasions when these dearth periods occur. These are fed to 
colonies to maintain or increase their populations.  The main source of ingredient has 
been soya bean flour.  In Western Australia, this is an imported product which carries 
some expense compared to a locally grown source such as lupin. As a replacement 
source of protein, lupin flour is an untested alternative product but if suitable could 
replace soya bean flour. It would also remove the possibility of honey contamination 
with genetically modified material. Siede et al. (2003) showed that nearly 6 % of honey 
varieties displayed at a show in western Germany contained traces of soya bean flour 
of which 2.8 % tested positive for genetically-modified (GM) soya bean with 1 % of 
honey samples suggesting the presence of transgenic glyphosate-tolerant soya bean 
material. Pollen substitute made from soya beans and fed to bees was said to be the 
main reason for the contamination. Besides the consumer issues about genetic 
modification, GM soya bean flours could contain detrimental concentrations of trypsin 
inhibitors that can significantly reduce the protein content of the hypopharyngeal gland 
(Sagili et al. 2005). 
 
Soya bean flour has long been used as the main ingredient in honey bee 
supplementary feeds (Haydak 1949, Siede et al. 2003, Spencer-Booth 1960, Stace   87
2005).  Australian beekeepers, because of supply problems, have resorted to using 
soya bean flours whether they are high-fat (full-fat) or medium-fat (defatted) flour.   
Beekeepers also use these flours for bee feed without any additional ingredient being 
mixed with it. However, an added percentage of pollen can provide some 
attractiveness and palatability to the raw product. 
 
The soya bean flour is nevertheless collected by honey bees in times of dearth when 
placed in an apiary (Somerville 2005a).  No research in Australia has investigated the 
life expectancy of honey bees after feeding on this product (whether low, medium or 
high fat) or when these flours are augmented with honey bee-collected pollen.  
 
This experiment examined the relationship between the longevity and life-span of 
young emerged honey bees, which had little initial contact with protein (from pollen), 
and the concentration of two fatty acids added to redgum pollen. It was hypothesised 
that honey bee longevity would improve as the concentration of fatty acid increased in 
the test pollen. However, it was recognised that a concentration would be reached 
where there would be an impact upon longevity as protein levels decreased as 
described by Schmidt et al. (1987).  It was expected that the fat content of soya bean 
flours would have a similar relationship with longevity and life-span of honey bees. 
 
METHODOLOGY 
General procedures have been described for the 7 experiments in Chapter 5. Twelve 
diets, 8 being redgum pollen enhanced with two fatty acids (oleic and linoleic), 2 of 
pollen and 2 of sugar were fed to bees in 12 cages and replicated three times (Table 7-
1). A further 12 diets, that contained 8 from soya bean, 2 of lupin, 1 of pollen and 1 of 
sugar were fed to bees in the same way and replicated three times (Table 7-2). These 
tables also show the protein, lipid, linoleic and oleic acid composition of the diets. 
 
STATISTICAL ANALYSIS 
The effect of diet on fresh head weight of honey bees was analysed in SAS (2002-
2003). Survivorship curves were determined by the Kaplan-Meier procedure (Kaplan 
and Meier 1958) where the Breslow test statistic was used for the comparison of the 
curves (Breslow 1975).  A Cox Proportional Hazard regression model was used where 
bees removed from the cages for head weight measurements were treated as 
censored cases. Censored observations arise whenever the dependant variable of 
interest represents the time to a terminal event and the duration of study is limited in 
time. The hazard rate is defined as the probability per time unit that a case that has 
survived to the beginning of the representative interval will fail in that interval. The   88
hazard ratio of a diet is the increased risk of dying by being fed that diet compared to a 
different diet (Fig 7-6). 
 
Table 7-1. Protein, lipid, linoleic acid and oleic acid content of the 12 diets used in Experiments 
1, 2, 3 and 7. 
 
Diet 
label 
Diet composition  Protein (%) Lipid (%)  Linoleic 
acid (mg/g) 
Oleic acid  
(mg/g) 
2%L  Redgum pollen + 
2% Linoleic acid 
23.2 2.70  13.2  5.51 
6%L  Redgum pollen + 
6% Linoleic acid 
22.6 7.20  28.0  11.2 
10%L  Redgum pollen + 
10% Linoleic acid 
21.7 11.1  45.2  18.2 
16%L  Redgum pollen + 
16% Linoleic acid 
20.4 17.3  74.3  30.4 
2%O  Redgum pollen + 
2% Oleic acid 
24.0 1.10  5.13  13.9 
6%O  Redgum pollen + 
6% Oleic acid 
23.3 7.20  5.25  30.6 
10%O  Redgum pollen + 
10% Oleic acid 
22.2 11.7  7.29  48.4 
16%O  Redgum pollen + 
16% Oleic acid 
20.4 14.2  11.3  87.6 
RG Redgum  pollen 24.4  1.6  2.12  0.72 
cRG Crushed  and 
irradiated redgum 
pollen 
 
See Table 7-2 
CS Cane  sugar  -  -  -  - 
INV Invert  sugar  -  -  -  - 
 
The factors in the model were daily temperature, humidity and an indicator variable for 
each diet group (i.e. zero or one) and an indicator variable for each replicate (zero or 
one), totaling 30 terms: temperature, humidity, foodcRG, foodRG, food2L, food6L, 
food10L, food16L, food2O, food6O, food10O, food16O, foodPRO, foodPRO10, 
foodDF, foodDF10, foodDF20, foodDF30, foodFF, foodFF10, foodLUP, foodLUP10, 
foodCS, foodINV, Exp 1, Exp 3, Exp 4, Exp 5, Exp 6, Exp 7 (Experiment 2 was 
removed from the data set because of sugar contamination - see results). 
Table 7-2. Protein, lipid, linoleic acid and oleic acid content of the 12 diets used in Experiments 
4, 5 and 6.   89
 
Diet 
label 
Diet composition  Protein (%) Lipid (%)  Linoleic 
acid 
(mg/g) 
Oleic 
acid  
(mg/g) 
PRO  Promine™   62.4  0.60 1.50 2.55 
PRO10   Promine™  + 10% cRG  58.7  0.50 3.53 2.60 
DF  Defatted  54.7  1.80 10.9 4.11 
DF10  Defatted + 10% cRG  52.4  2.00  11.5  3.82 
DF20   Defatted + 20% cRG  49.9  1.80  11.5  3.69 
DF30   Defatted + 30% cRG  46.7  2.00  12.0  3.49 
FF  Full fat   42.9  18.9  95.1  28.3 
FF10   Full fat + 10% cRG  41.8  16.9  86.5  25.5 
LUP Lupin    42.2  6.90 29.5 21.2 
LUP10   Lupin + 10% cRG  40.1  6.40 27.7 19.0 
cRG  Crushed and irradiated 
redgum pollen 
29.0  2.60 15.7 1.56 
CS  Cane  sugar  -  - - - 
 
 
RESULTS 
CONTROLS 
The survival curve for honey bees fed cRG and cane sugar are shown in Figure 7-1.  
Approximately half the cRG bees were still alive after 42 days whereas there was 
almost none surviving on cane sugar (Fig. 7-2). The diet of cRG, despite its 6-8 year 
age, conferred long survivorship to the honey bees (Fig. 7-6, Table 7-3). Honey bees 
fed cane sugar without cRG pollen had a high mortality rate, a life-span of just over two 
weeks (Table 7-3) and had a hazard ratio 9.4 times greater than those bees fed a diet 
of cRG pollen (Fig. 7-6). Bees fed invert sugar were more adversely affected than if fed 
cane sugar (Fig. 7-6) and had the shortest life-span (Table 7-3) and the poorest 
survivorship (Fig. 7-3) of all the diets trialed. 
 
LUPIN FLOUR 
Bees fed lupin flour alone, showed a higher survival rate than if 10 % pollen was added 
to the diet (Fig. 7-1).  When pollen was added to the diet, the life-span was decreased 
by 4 days (Table 7-3). Bees fed either LUP or LUP10 diets had an increased hazard 
ratio than those bees fed the pure pollen (RG) diets (Fig. 7-6) of 4.9 and 7.1 times, 
respectively. 
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LINOLEIC AND OLEIC ACID 
Bees fed diets of RG, 2%L and 6%L showed a similar survival curve (Fig. 7-2) whereas 
bees fed diets containing 10%L and 16%L had high mortality.  Diets containing 2%O 
gave bees a superior longevity when compared to diets containing higher 
concentrations of oleic acid (Fig. 7-3).  A comparison of life-spans (Table 7-3) showed 
that diets with linoleic acid ranked highest amongst the pure pollen diets, with bees fed 
2%L and 6%L diets completing 42 days in cages without a high death rate.  This 
suggests some beneficial aspect or non-toxic nature of linoleic acid whereas bees fed 
oleic acid at a concentration of greater than 2 % in their diets had high mortality, with 
life-spans (Table 7-3) less than the corresponding values for linoleic acid. The 
indication is that oleic acid in high concentrations perhaps confers an adverse palate to 
the diet.  Bees fed diets of 6%O, 10%O and 16%O had an increased risk of death by 
4.2, 6.7 and 9.5 times greater, respectively, than those bees fed a pollen diet (Fig. 7-6). 
 
SOYA BEAN FLOURS 
The survival of honey bees fed DF diets and those mixed with pollen showed similar 
survival curves (Fig. 7-4). DF soya bean flour fed as a pure diet produced bees with 
poorer longevity than where pollen was included in diets. A high-fat soya bean flour diet 
(FF) mixed with pollen showed similar longevity to both low-fat (PRO) and PRO10 diet. 
High-fat soya bean flour diet (FF), like the medium-fat soya bean flour (DF), gave a 
poorer longevity by comparison (Fig. 7-5).  The addition of sequentially higher rates of 
pollen (10, 20 and 30 %) to diets of DF correspondingly reduced the hazard ratio (Fig. 
7-6), but life-span remained identical for all three diets at 22 days (Table 7-3). The 
addition of 10 % pollen to the high-fat (FF) soya bean flour diet increased life-span by 5 
days (Table 7-3) and reduced the hazard ratio (Fig. 7-6). 
 
The life-span of bees fed the low-fat soya bean flour diets (PRO and PRO10) were 
similar at 26 days (Table 7-3) and of all the soya bean flour diets, the DF30 diet had the 
highest life-span of 22 days. The bees on Promine™ diets had the lowest hazard rate 
(Fig. 7-6). 
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Figure 7-1. Survival curves for honey bees fed crushed and irradiated redgum pollen (cRG), 
cane sugar (CS), lupin flour (LUP) and lupin flour + 10 % cRG pollen (LUP10). Data are for all 
three replicates combined. 
 
Figure 7-2. Survival curves for honey bees fed linoleic acid enhanced redgum pollen and 
redgum pollen (RG). Data are for all three replicates combined.   92
 
Figure 7-3. Survival curves for honey bees fed oleic acid enhanced redgum pollen (cRG) and 
invert sugar. Data are for all three replicates combined. 
 
Figure 7-4. Survival curves for honey bees fed medium-fat soya bean flour (DF) and DF soya 
bean flour mixed with cRG pollen at 10, 20 and 30 %. Data are for all three replicates combined.   93
 
Figure 7-5. Survival curves for honey bees fed low-fat (PRO) and high-fat (FF) diets, and both 
diets mixed with 10 % cRG pollen. Data are for all three replicates combined. 
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Figure 7-6. A Cox Proportional Hazard model of 22 diets with upper and lower 95 % confidence 
limits. The comparison diet used was the crushed and irradiated redgum pollen (cRG). The 
hazard ratio of a diet is the increased risk of dying by being fed that diet compared to a different 
diet. 
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Table 7-3.  Diet ranking of the most successful diet (1) to least successful diet (22) according to 
a Cox Proportional Hazards model including temperature and humidity as factors. Diets marked 
with * are borderline statistically significant at the 5 % level. “NA” means that 50 % of the bees 
had not died by the end of the experiment at day 42. 
 
Ranking Diet  Not  significantly 
different 
Life-span 
1 cRG  RG    NA 
2 RG  cRG    NA 
3 2%L      NA 
4 6%L      NA 
5 2%O      37 
6 16%L  10%L*    25 
7 10%L  PRO  16%L*  24 
8 PRO  10%L    26 
9 PRO10  DF30    26 
10 DF30  PRO10    22 
11 6%O  FF10    21 
12 FF10  6%O    25 
13 DF20  LUP    22 
14 LUP  DF20    23 
15 DF10      22 
16 DF      19 
17 FF  10%O    20 
18 10%O  FF  LUP10*  20 
19 LUP10  10%O*    19 
20 CS  16%O    17 
21 16%O  CS    15 
22 INV      14 
 
 
 
DIET CONSUMPTION 
There were significant differences in diet consumption (P < 0.001). The most 
consumed diet was fresh redgum (RG) pollen with 46.7 g consumed over 6 weeks. The 
least consumed diet was 16 % oleic acid + pollen at 0.51 g/6 weeks (Fig. 7-7). All flour 
diets were poorly consumed as was the pollen diets high in applied fatty acids, 
particularly with oleic acid (Fig. 7-7). 
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Figure 7-7. Predicted mean total consumption (g) of diets fed to honey bees. Invert  (INV) and 
cane sugar (CS) fed bees had no protein supplement (5 % LSD 9.67 g). The bar above the diet 
recognizes those diets that are not significant to each other at P < 0.05. 
 
CONTAMINATION 
A situation arose during experimentation, where accidental microbial contamination of 
the cane sugar control occurred.  A diet using invert sugar remained unaffected. The 
first and second experiment used a cane sugar solution that was not boiled and was 
only mixed using boiled hot water. By the time the second replicate commenced, the 
sugar solution was > 80 days old and bees fed the cane sugar diet started dying rapidly 
after 7 days with most of the population perishing by day 22.  
 
Bees in experiment 2 were 20 times more likely to die than the bees fed on cane sugar 
in experiment 7, so it was removed from the data set. The statistical model which 
included all seven experiments with temperature, humidity and experiment as factors, 
found that the bees in experiment 7 were the most long lived, followed by replicates: 3, 
6, 4, 5, 1 and 2. Samples of the contaminated sugar solution were sent to two 
laboratories for independent analysis. The cane sugar solution was identified as being 
'heavily contaminated with a moderate mixed population of yeasts and fungal 
elements'.  Laboratory (1) identified the main contaminant in the stock sugar solution as 
Candida guilliermondi with Aspergillus niger also present.  Laboratory (2) identified the 
main contaminant as Pichia ohmeri. The invert sugar used at the same time was free of 
contaminants. 
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The second laboratory was also sent samples of the honey bees' watery gut fluid from 
bees fed three different diets viz: redgum (RG), crushed redgum (cRG) and 6 % linoleic 
acid from experiment 2. Candida glabrata was isolated from the gut of honey bees fed 
the RG diet; Candida magnoliae was isolated from the gut material from bees fed the   
6%L diet and Rhodotorula glutinis was found in the gut fluid from bees fed the cRG 
diet. The inside wall of the cages of the bees fed a pollen diet were characteristically 
streaked (Fig. 7-8).  No Nosema apis spores were detected in the guts, a gut parasite 
that beekeepers usually associate with faecal streaking. 
 
 
Figure 7-8. Faecal streaking inside cage from a redgum (RG) diet with a contaminated sugar 
source. View from bottom of cage. 
 
DISCUSSION 
Measuring life-span of emerged bees fed pollen or a substitute feedstuff is one of 
several ways of evaluating the effectiveness of diets (Schmidt et al. 1987). This method 
worked well in our experiments in determining the value to honey bees of twenty-two 
different diets.  
 
The addition of different fatty acids to low-lipid content pollen, such as redgum pollen, 
did not improve honey bee longevity and showed honey bees were far more sensitive 
to pollen diets containing added oleic acid than they were to diets enhanced with 
linoleic acid.  Diets containing 2 % oleic acid had similar mortality to the pure pollen   97
diets, however at concentrations of 6 % oleic acid or greater, mortality significantly 
increased.  
 
Linoleic acid up to 6 % more than that occurring naturally in redgum pollen was able to 
support longevity at a level only slightly worse than diets of fresh redgum or crushed 
and irradiated redgum pollen. However, when used at 10 % and 16 % in pollen, 
mortality began to increase. The oleic acid concentration of the 6 % linoleic acid+pollen 
diet was 11.2 mg/g but for the 10 % linoleic acid+pollen diet, where mortality increased, 
the oleic acid concentration was 18.2 mg/g and therefore the level at which the 
concentration of oleic acid could begin to be a problem for bees (e.g. in substitute 
feedstuffs) might be within the range: 13.9 mg/g (2%O diet) to 18.2 mg/g, though 
natural levels in pollen are lower at < 4 mg/g.  Because oleic acid is predominant in 
adult bees, constituting more than 60 % of the total lipid but lower in larval to pupal 
stages of 40.4 to 45.2 %, respectively (Robinson and Nation 1970), it is probably why 
large amounts of this fatty acid is less tolerant in diets. 
 
Honey bees have an obvious tolerance of linoleic acid compared with oleic acid which 
is fortunate as linoleic is the dominant fatty acid (2.77 - 5.81 mg/g) in eucalypt pollen 
(Manning and Harvey, 2002) or the second most dominant at an average 5.13 mg/g for 
577 plants tested in Chapter 4 and in some European plants (Battaglini and Bosi 1968) 
that beekeepers use. Gilby (1965) noted a few species of butterfly also require linoleic 
(and linolenic acids), and a deficiency of these fatty acids causes a dramatic failure of 
pupal or adult ecdysis (Nation 2002). 
 
Of the flour diets, the low-fat Promine™ soya bean flour had the lowest oleic acid 
concentration of approximately 2.6 mg/g and was the best of the soya bean flours 
tested in giving bees greater longevity, but it was less favourable than the pollen diets. 
The results indicated that the lipid composition of the defatted and full fat flours could 
be associated with reduced longevity where palatability could have been affected. Of 
all the diets fed over 42 days, the only feeds to foster brood production were RG, cRG,     
2%L, 6%L, 2%O and PRO10 (see Chapter 8), however, other researchers have 
reported brood production from soya bean flour diets (see Haydak and Tanquary 1942, 
Standifer et al. 1973).  
 
Not all defatted products do better than their full-fat versions. Haydak and Tanquary 
(1942) fed bees a solvent-extracted soya bean flour diet containing skim milk powder 
(total lipid 1.5 %). They found the diet caused a higher mortality than when it was 
restored and retested with a crude oil extract to 5.5 %. There are problems with using   98
soya bean flour as a feedstuff. Haydak (1949) said it caused an 'abrupt impairment of 
brood rearing' due to niacin being a limiting factor in the soya bean flour. 
 
Generally, adding progressively more pollen to flours reduced the risk of bees dying 
from soya bean flour diets. An exception was with the lupin flour where the addition of 
10% pollen caused a significant shift in the hazard model towards making a 
lupin+pollen diet a riskier diet. Further testing of lupin as an ingredient is required 
before any general use in the beekeeping industry can be recommended.   
 
The five diets which had the highest consumption: RG, 2%L, 6%L, cRG and 2%O, (Fig. 
7-7) corresponded to the five diets with the lowest hazard ratio (Fig. 7-6). For the other 
diets, where low consumption caused an increased risk of bees dying, palatability of 
the diet could be an issue and an important consideration when adding or using 
different feedstuffs in diets. 
 
The pollen (cRG) used in conjunction with the flour diets was over 6 years old and 
earlier research e.g. (Haydak 1961) showed that pollen of this age was almost 
worthless for the development of young bees and should not be considered in feed 
diets for bees. However, it seems that the sterilising process by gamma-radiation 
enabled its ‘quality’ to be preserved or retained. The crushing of the pollen into a fine 
powder caused an increase in the concentration of linoleic acid from 2.12 to 15.7 mg/g. 
It is worth noting that linoleic acid is an antimicrobial lipid (Feldlaufer et al. 1993b). 
 
Beekeepers should continue to use cane sugar as a carbohydrate source when 
artificially stimulating their beehives prior to honey flows or pollination contracts.  Invert 
sugar-fed bees had the shortest life-span (14 days) compared to cane sugar (17 days) 
which incidentally was lower than the 20 day life-span recorded from sugar diets in 
experiments by Schmidt et al. (1987). 
 
In experiment two, the inside walls of cages showed spectacular evidence of faecal 
streaking from bees fed fungal-contaminated cane sugar syrup, a characteristic usually 
associated with honey bees infected with the parasite Nosema apis. No nosema 
spores were found in bee samples in our experiments and our finding is supported by 
El-Shemy and Pickard (1989) who never found Nosema apis spores in worker bees 
less than 8 days old. As the bees in this experiment were all newly hatched and had no 
contact with older bees, the faecal streaking observed was certainly linked to fungal 
elements in the sugar syrup. The two laboratories that tested samples gave different 
results of the yeast species present, indicating there is some difficulty with identification   99
or perhaps more sampling was required. The genus Candida was identified more often 
in samples and together with the presence of Aspergillus niger, are the likely cause of 
the faecal steaking disorder. 
 
Fungi can cause mortality in honey bees either as a result of nectar fermentation or 
from mycotoxins. In Brazil, Candida guilliermondi was identified as the cause of high 
mortality among larvae and pupae in beehives (Portugal et al. 1995). Candida species 
have been associated with honey bees from other parts of the world. Candida mogii 
(the imperfect form of Zygosaccharomyces rouxii) has been identified from fermented 
German honey (Schneider et al. 2003).  
 
Excess moisture (60 - 90 %) in most honey commonly leads to fermentation by yeasts 
(Smith et al. 1969), which infer they are commonly present in honey. In the field, nectar 
in flowers, especially over wetter (e.g. winter) months when the humidity is high, would 
also ferment. Under these circumstances, and based on the rapid death of bees 
observed in this experiment, some degree of mortality in feral and managed colonies of 
honey bees must occur as fermented nectar is consumed. Bees often give the 
appearance of being 'drunk' on the ground under flowering trees at certain times of the 
year (Birtchnell et al. 2005). Yeasts and Penicillium spp. are dominant mycobiota on 
pollen (Gonzales et al. 2005, Gilliam and Prest 1972) and some isolates of Aspergillus 
niger (one contaminant identified in the cane sugar diet in experiment 2) can produce a 
mycotoxin known as ochratoxin (Gonzales et al. 2005), which may have contributed to 
the high mortality measured.  
 
Beekeepers use descriptive terms such as 'dysentery' or 'spring dwindling' to describe 
the unexplained rapid loss of bees from their hives.  Coincidentally, winter flowering 
species, on which Australian beekeepers usually place apiaries, are known for these 
phenomena.  For example, on karri (Eucalyptus diversicolor) after winter, 'a few 
colonies had an attack of dysentery during winter' (Hall 1929); and bees were 'lacking 
in stamina' (Hall 1932). Lang (1908) experienced 'dysentery' after 'flowers were coming 
out in bloom (but) it kept on raining' and Armstrong (1985) noted that '(NSW) we 
wintered bees on (mugga) ironbark
∗ which was a risky thing to do because of winter 
mortality is often very high on this tree.'  A similar phenomenon is experienced by 
beekeepers with winter wandoo (Eucalyptus wandoo) in Western Australia. In South 
Australia, excess moisture inside the hive in winter was associated with 'spring 
dwindling' (Willoughby Lance 1936).   
 
                                                           
∗ Eucalyptus sideroxylon.   100
All these observations, which are only a few of the many reported and published over 
the years, could in fact be records of the impact yeasts have had on honey bees or 
indeed on native insects.  The yeast-honey bee relationship is little studied and further 
research in this area is likely to give some of these anecdotes some scientific base. 
 
The longevity experiments demonstrated that honey bees are more tolerant of linoleic 
than oleic acid as concentration increased in diets. As lipid concentration increased in 
diets their consumption decreased. The decreased consumption would restrict the 
amount of protein available to the bees that would be required to stimulate the 
development of the hypopharyngeal gland and hence the ability of the larvae to be fed. 
Besides lipid concentration, the decrease in consumption could also be influenced by 
the different texture and perhaps taste of the diets.  
 
Head weight measurements were taken of bees sampled weekly during the longevity 
experiment and are presented in Chapter 8 together with the effect of the 22 different 
diets. 
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CHAPTER EIGHT 
 
THE EFFECT OF DIET ON HEAD WEIGHTS (HYPOPHARYNGEAL 
GLAND) OF HONEY BEES 
1.  LINOLEIC AND OLEIC ACID ENHANCED REDGUM POLLEN DIETS. 
2.  SOYA BEAN AND LUPIN FLOUR DIETS AND MIXES CONTAINING 
REDGUM POLLEN. 
 
INTRODUCTION 
The worker honey bee head contains three large glands: the hypopharyngeal gland (Figs. 
8-1 and 8-2), mandibular gland and postcerebral gland (Dade 1962). The hypopharyngeal 
gland is the largest of the glands in the head cavity consisting of 1,000 or more pear-
shaped lobules (Wang and Moeller 1969) which almost fill the space in front of the brain as 
well as sending branches to the back of the brain (Dade 1962).  
 
In young bees, the well-developed hypopharyngeal gland is responsible for the synthesis 
of a food rich in protein (jelly) which is fed to larvae, drones and the queen bee. The 
distribution of jelly from nurse bees to nestmates is rapid. Crailsheim (1992) found that 
when 100 nurse bees in two hives were injected with a radioactive amino acid which 
incorporates into the hypopharyngeal gland during protein synthesis, their jelly was found 
in 2,409 individuals in one hive and 3,756 in another hive overnight. 
 
The synthesized food is derived from pollen and, besides feeding larvae, bees use it to 
build up their own body stores and feed the secretion to other adult bees (Crailsheim 1992, 
Hrassnigg and Crailsheim 1998). The activity of the hypopharyngeal gland is affected by 
various brood stages and is significantly higher after young bees are presented with larvae 
of all ages than in the presence of eggs, capped brood or a mixture of all stages (Huang 
and Otis 1989).  
 
Haydak (1970) described two types of secretions produced by nurse bees: a watery-clear 
secretion from bees averaging 12 days of age and a milky-opaque secretion by 17 day-old 
bees.  The milky-opaque jelly, which is fed to larval queen bees, consists of 67 % water, 
12.5 % protein, 11 % sugars and 5 % fatty acids and is initially similar to brood food fed to 
worker larvae but changes by day 4 (day 1 is when eggs hatch) when it is modified by the   102
addition of pollen and honey (see Schmidt and Buchmann 1997). The unique and 
chemically most interesting feature of the jelly is its fatty acid composition (Schmidt and 
Buchmann 1997). 
 
The hypopharyngeal gland reaches its maximum size in young bees and thereafter 
becomes greatly shrunken, almost to the point of disappearance in (older) foraging honey 
bees (Dade 1962). The age at which maximum size of the hypopharyngeal gland develops 
coincides with increased pollen consumption up to the nursing age of 3 - 10 days and 
remains elevated in bees aged from 10 to 18 days (Hrassnigg and Crailsheim 1998). 
Schmidt et al. (1987) showed that the greatest rate of pollen consumption was during the 
first 10 days of emergence and thereafter decreased sharply, especially after 21 days 
(Hrassnigg and Crailsheim 1998).  
 
In older bees, the seemingly atrophied gland actively secretes two enzymes: invertase 
(Simpson  et al. 1968), which inverts nectar sucrose into dextrose and levulose; and 
glucose oxidase which oxidises glucose to gluconolactone thus stabilising the principle 
acid in honey, gluconic acid (White 1997). The latter process also liberates hydrogen 
peroxide, which protects the ripening process of nectar from spoilage, and in some honey 
types when diluted, the peroxide has a medical application (Molan 2001). 
 
Gland size is negatively correlated to juvenile hormone biosynthesis (Huang et al. 1994) 
so that these shrunken glands are associated with increased rates of juvenile hormone 
biosynthesis. Juvenile hormone is therefore linked to the different tasks performed by 
young and old bees, though Huang et al. (1994) found gland development was not strictly 
linked to the age-dependent behaviour of bees. However, Robinson (1992) states that the 
juvenile hormone does play a major role in age polyethism in honey bee workers.  In cage 
experiments (see Chapter 6) using single cohorts, there was evidence of age polyethism 
inferred through head weight measurement. 
 
Various methods of measuring the development of the hypopharyngeal gland have been 
established.  An arbitary scale method was described by Maurizio 1954 in which a number 
(1 to 4) was given to each stage of development (stage 4 is maximum development), and 
this was also used by Simpson et al. (1968). Other researchers have measured the size of 
the acini (grape-like sphericals) of the gland at different stages or bee age (Crailsheim and 
Stolberg 1989, Crailsheim et al. 1992, Huang et al. 1994, Moritz and Crailsheim 1987), the 
volume of the lobules, diameter of the secretory globules and nuclei (Wang and Moeller   103
1969), the weight of the gland (Fluri et al. 1982) or the protein synthesis activity of the 
gland (Brouwers 1982, Huang and Otis 1989). Costa and Cruz-Landim (2002) measured 
the change in 19 enzymes from the hypopharyngeal gland of newly emerged bees, nurse 
bees and forage worker bees.  
 
Glands from nurse bees have high rates of protein synthesis and large diameter acini 
(Brouwers 1982). Elevated hypopharyngeal activity is maintained in bees from 9 to 19 
days of age and substantially declines after day 20, but reestablishes briefly for the 
production of invertase (Huang and Otis 1989). Crailsheim and Stolberg (1989) showed 
acini diameter peaked at day 8 for emerged bees and decreased to day 25.  The size of 
the hypopharyngeal gland significantly (P < 0.001) decreased as the age of the bee 
increased (Huang et al. 1994).  Fluri et al. (1982) found bees aged from 3 - 21 days old 
had heavier glands (dry weight) than newly emerged bees and bees aged 26 - 40 days 
old.  Haydak (1959) showed worker bees attained the highest dry weight and nitrogen 
content of the heads and abdomens at the age of 6 days. 
 
Sustaining brood-rearing activities in honey bee colonies during periods of dearth by 
artificial feeding has received considerable attention. Since the 1880s, some form of 
artificial diet has been formulated to replace the natural pollen diet of bees (Standifer et al. 
1973). The use of artificial feedstuffs enabled colonies of honey bees to grow and stay 
alive in times of pollen shortage so they then can take full advantage of the main nectar 
flows (Spencer-Booth 1960). 
 
Soya bean flour has been the most commonly used substitute protein in artificial feedstuffs 
for honey bees (Chapter 7) and is reported to be beneficial in increasing honey production 
when used as a supplement (Shoreit and Hussein 1993). In a review of honey bee diets, 
Spencer-Booth (1960) quoted a source that said soya bean flour was as effective as pollen 
for hypopharyngeal gland development. Haydak (1949) showed that brood could be raised 
to the sealed stage to at least 20 days when fed soya bean flour.    104
 
 
Figure 8-1. Lateral (A) and anterior (B) histological sections of the honey bee head showing the 
hypopharyngeal gland. 
[Honey bee age is 28 days, head weight 9-10 mg]
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Figure 8-2.  Close up of sectioned hypopharyngeal gland (A) and duct towards mouth parts (B) 
(see boxes Fig. 8-1). 
[Honey bee age is 28 days, head weight 9-10 mg] 
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In Chapter 7, it was hypothesized that the addition of a certain amount of linoleic or oleic 
acid to redgum pollen would be beneficial to honey bee longevity. In this Chapter, the bees 
were the same as those used for Chapter 7 but were instead tested for any response of 
the hypopharyngeal gland to diet by weighing heads of individual bees. The enhanced-fat 
pollen diets, when fed to bees, were expected to have a similar relationship to diets made 
or mixed from soya bean flours commercially produced with various grades of fat 
concentration. The soya bean flours can be low (protein concentrate), medium (defatted) 
or high fat (full-fat) flour and are used widely in the beekeeping industry. Some beekeepers 
add powdered bee-collected pollen to flour to increase its palatability but many do not 
because of its additional expense. 
 
METHODOLOGY 
General procedures have been described in Chapter 5. Twelve diets of pollen enhanced 
with two fatty acids (oleic and linoleic) were fed to bees in 12 cages and replicated three 
times. A further 12 diets, that contained flour from soya bean or lupin were fed to bees in 
the same way and replicated three times. In total, seven experiments were conducted, one 
of which was repeated (see Chapter 7). The diet labels and fatty acid portion of the diets 
are given in Tables 7-1 and 7-2 (Chapter 7). The protein, lipid, linoleic and oleic acid 
composition of the diets have been given previously in the methodology section in Chapter 
7. 
 
At the same time as the cage experiments commenced, approximately 500 bees of the 
remaining emerged bees were marked with a white dot on the dorsal thorax and returned 
to a hive in an apiary (see Fig. 5-1, Chapter 5). 
 
Each week of each 6 week experiment, a sample of 50 bees was collected from each cage 
and the single hive in an apiary, labeled in a plastic bag and immediately frozen at -20
oC. 
Each bag of frozen bees was emptied onto paper tissue and defrosted. Each bee was 
gutted for nutrient measurements (see Chapter 9) and heads were removed by scalpel 
and weighed.  
 
The head weight was used as a more efficient way of measuring the development stage of 
the hypopharyngeal gland as head weight and hypopharyngeal acini size is positively 
correlated and the fact that the gland as a whole occupies a substantial inside area of the 
head when fully developed. The use of head weight as a novel technique for assessing   107
gland activity was verified by histology. Fresh weights (mg) were recorded weekly to 
associate the normal development of the hypopharyngeal gland with head weight. 
Samples of heads in seven weight categories (7 - < 8, 8 - < 9, 9 - < 10, 10 - < 11, 11 - < 
12, 12 – < 13 and > 13 mg) from experiment 6 were briefly placed in Bouin’s fixative prior 
to histological examination. 
 
HISTOLOGY OF HYPOPHARYNGEAL GLAND DEVELOPMENT 
The emerged bees returned to the apiary were assessed for normal gland development by 
histology. A random sample of one fixed head from each size category (see above) was 
cut vertically with a scalpel from the anterior face between the eyes and the separate sides 
of the head were embedded in Paraplast™ tissue embedding medium. Sections of the 
head were cut at a thickness of 5 µm with a metal knife on a manual rotary Leica RM2235 
microtome and stained with haematoxylin and eosin (H & E), a general purpose stain that 
showed cytoplasmic components as pink and nuclei as blue-purple (Bancroft and Stevens 
1977).  A random sample of one fixed head from bees fed the crushed redgum pollen diet 
(cRG), one of the better diets identified in Chapter 7, was also examined at week 1, week 
3 and week 6. The histological sections were prepared by Mr Gordon Thomson, Histology 
Laboratory, Murdoch University. Slides were photographed (this Chapter) and examined 
for hypopharyngeal gland development by comparison to the illustrations in Wang and 
Moeller (1969). The bodies of beheaded bees were used for nutrient analysis (Chapter 9). 
 
STATISTICAL ANALYSIS 
Although contaminated cane sugar syrup was used in (Chapter 7), the emerged bees and 
bees returned to the apiary were not exposed to the contamination thus this data were still 
used in the final analysis. 
 
The effect of diet on fresh head weight of honey bees was analysed by SAS (1999-2001) 
and consisted of three parts.  
 
1. The mean head weights of the emerged bees from each experiment were 
compared to test for differences across experiments and seasons. 
2.  The growth rates of the mean head weight of the apiary bees were compared 
across experiments and season to test for differences. 
3.  The growth rates of the mean head weights of bees under the various diet 
treatments were compared, while considering the variation due to season and 
experiment.   108
1. Emerged bees: To check whether there was a significance difference in the mean head 
weight across seasons and across experiments, an analysis of variance was performed.  
The emerged head weight of the i
th observation from the e
th experiment was modelled as 
i e e e i e E S I h , 0 , , 0 , ε + + + =  
where Se and Ee are constants representing the effect of season and experiment on the 
emerged head weight and  i e , 0 , ε  are normally distributed errors.   
The analysis was performed in SAS system for Windows by using the GLM procedure.  As 
there was only one season for each experiment, the experiment effect was considered to 
be nested within the main effect of season.  
 
2. Standardisation: The mean emerged head weights varied over season and experiment. 
So as not to confound the variation in head growth of the apiary bees, or bees under any 
of the diet treatments, with the variation due to seasonal and experimental effects of the 
head weights at birth, the data were standardised by applying the transformation: 
) ( 0 , , , , , , , e i t e d i t e d h E h h − = ∇  
where  i t e d h , , ,  is the head weight and  i t e d h , , , ∇  are adjusted head weights of the i
th 
observation taken at time t from bees under diet treatment d in the e
th experiment, and 
) ( 0 , e h E  is the expected emerged head weight of a bee in the e
th experiment .  Thus this 
transformation simply shifts the data for each experimental group by the expected head 
weight at emergence.  Therefore, under this transformation the expected value of the 
adjusted head weight, under diet d and experiment e,  ) ( 0 , ,e d h E ∇  will be: 
0 ) ( ) ( ) ( 0 , 0 , , 0 , , = − = ∇ e e d e d h E h E h E  
The effect this transformation has on the data is seen in Figure 8-4, where a “by replicate” 
plot of the mean head weights of the apiary bees along with the emerged bees (at day 0) 
is given for both the raw and standardised data.  
 
3. Apiary bees: To investigate the rate of change of head weights of the apiary bees and to 
test if season and/or experiment effects this rate, a linear model was fitted to  i t e a h , , , ∇  of 
the form 
*
, , ,
* t T I h a a i t e a + = ∇  
where Ia and Ta are parameters to be determined and 
* t  is the number of days after day 7.  
That is,  7
* − = t t .  The advantage of using such a model is that the two parameters have   109
a useful physical interpretation.  The parameter Ia captures the change that occurs in the 
first 7-day period after birth, while the parameter Ta gives a measure for the rate of change 
of the mean head weight after day 7. 
 
More complex models were also tested. An adjusted R-squares of the linear model         
(20.8 %) was compared with that of a quadratic (20.7 %) and a cubic model (21.9 %).  The 
added additional complexity did little to improve the R-square values and so little extra 
variation was accounted for by these models.  Moreover, as the linear model is most 
useful for interpretation purposes, it was considered optimal for our purposes. 
 
In addition to the base model, terms were also added to account for effects across season 
and experiments.  The full model fitted is of the form: 
*
,
*
,
, ,
*
, , ,
) * ( ) * (
*
t T E t T S
E S t T I h
e a e a
e a e a a a i t e a
+ +
+ + + = ∇
 
The terms e a S ,  and  e a E ,  account for the variation in the head weights during the first 
seven day period that is due to season or experiment within season, respectively. The 
terms  e a T S , ) * ( and  e a T E , ) * (  account for the variation in the growth rates due to season 
and experiment within a season. 
 
4. Head weights of caged honey bees fed diets: The standardised data, as defined in (2. 
above), were used for this analysis so that the variation in head weights due to diet was 
not confounded with that due to head weight at birth (i.e. of the emerged bees).  The 
adjusted mean head weight for the bees under each of the diet treatments are plotted in 
Figures 8-4 to 8-10. The adjusted head weight in these figures is the difference between 
the head weight and the mean head weight at emergence. 
 
An iterative procedure linear model was fitted to the data that allowed for the variation due 
to season and experiment.  The full model (Equation 1) chosen was  
*
,
*
,
* *
, ,
*
*
, , ,
) * * ( ) * * ( ) * ( ) * (
) * ( ) * ( ) * (
*
t T E D t T S D t T E t T S
E D S D t D T
E S D Tt I h
e d e d e e
e d e d
e e d i t e d
+ + + +
+ + +
+ + + + = ∇
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where  i t e d h , , ,
* ∇  is the difference in head weight from the average emerged head weight, 
and 
* t  is the number of days after day 7. The interpretation of each term of the model is 
shown in Table 8-1. 
 
This particular model is useful for our purposes as it allows us to compare both the head 
weight after 7 days and the overall growth rates.  For a given experiment e and diet d we 
have, 
e d e d e e d E D S D E S D I =  days t after   headweigh , , ) * ( ) * ( 7 + + + + +  
and 
e d e d
e e
T E D T S D
T E T S D T  T te   growth ra
, , ) * * ( ) * * (
) * ( ) * ( ) * (
+ +
+ + + =
 
 
 
Table 8-1. Explanation of model terms. 
 
Term Interpretation 
d D   variation in head weights due to the various diets 
e S   variation in head weights due to the different seasons 
e E   variation in head weights due to a experiment within a 
particular season 
T
  the growth rate of head weights, independent of other 
the factors 
d D T ) * (   variation in growth rate due to the various diets 
e T S ) * (   variation in growth rates due to the change of seasons 
e T E ) * (   variation in growth rate due to experiment within a 
season 
e d S D , ) * (   variation in the effect of diet on head weight between 
seasons 
e d E D , ) * (   variation in the effect of diet on head weight between 
the experiments 
e d T S D , ) * * (
 
variation in the effect of diet on head weight growth 
between seasons 
e d T E D , ) * * (
 
variation in the effect of diet on head weight growth 
between the experiments 
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RESULTS 
HEAD WEIGHTS OF EMERGED HONEY BEES 
Emerged honey bees showed significant differences in head weight (Fig. 8-3). Head 
weight of emerged honey bees was highest during winter and lowest in spring.  A linear 
regression (equation 1) showed season and replicate within season were significant at the 
5 % level (P < 0.0001 and P = 0.0034, respectively).  Experiment 3 (replicate 3) was the 
odd set of data that caused a significant replicate within season interaction (P = 0.0062) 
where it differed from other summer experiments. When removed from the data set, 
season alone accounted for the variation between replicates (P < 0.0001). Experiment 3 
may have differed because of prevailing conditions in the apiary that month. Pollen may 
have been different in quality and/or quantity which could have directly influenced the 
development of the hypopharyngeal gland. 
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Figure 8-3.  Mean head weight of emerged honey bees and 5 % LSD over season (replicate) from 
bees born in September 2003 to December 2004. E1 to E7 = experiment number. 
 
HONEY BEES FROM THE APIARY 
Large differences in bee head weight were found between experiments and over the 
duration of the experiment with a mean increase in the head weight during the first week, 
before a general decrease in the mean head weight (Fig. 8-4).  
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Histological sections of the heads of apiary bees are given in Figures 8-5A and 8-5B (low 
magnification) and Figures 8-6A and 8-6B (high magnification). Bee heads from 
experiment 6 (the only one used for histology) showed the rapid development of the 
hypopharyngeal gland especially between week 1 and week 2 (Figs 8-5A, 8-6A).  By week 
2, the mean head weight had peaked (Fig. 8-4) and histology showed hypopharyngeal 
glands were fully developed in heads of larger weight (> 10 mg). Full development of the 
gland was observed at week 3 and week 4 as mean head weight declined (Fig. 8-4). At 
week 5 and week 6, some heads had depleted glands (Figs 8-5B, 8-6B), however, some 
of the larger heads contained a well-developed hypopharyngeal gland (see week 6, 12 mg 
head weight, Figs 8-5B, 8-6B). 
 
The full statistical model (Equation 1) accounted for 49.5 % of the variation in the head 
weight data of apiary bees.  Each term in the model was significant (P < 0.0001) and 
therefore season and experiment had an effect on the change in head weight during the 
first 7 days and in growth rate over the following days. Each of the parameters for 
experiment within season was significant (P = 0.05) and, during the first 7 days, there was 
a significant difference in growth of the bee heads across experiments. The growth rate of 
the bees varied across season, however there was less variation within a season with only 
the third experiment being significantly different from the other summer experiments (see 
Fig. 8-3).  
 
Comparison of the parameter estimates for the additive effect of season and the effect of 
season on growth rate are given in Figure 8-7. Summer experiments appear to have a 
much higher head weight recording at the end of the first seven days when compared to 
the winter and spring experiments. The head weight for all experiments began to decrease 
after day 7. Winter had the greatest decrease in head weight over time compared to the 
summer and spring experiments.  During the 6 week experiment, the mean head weight 
during the summer months decreased at a much slower rate than for the other seasons. 
   113
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Figure 8-4. Seasonal changes in mean head weight (g) of honey bees from an apiary (A) and 
statistically adjusted (B). E1 (spring), E2 (summer), E3 (summer), E4 (winter), E6 (spring) and E7 
(summer). No emerged bees were available to be returned to the apiary in experiment 5 (E5).
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          WEEK 1           WEEK 2             WEEK 3     
    
8  -  <  9  mg  head  weight           
    
9 - < 10 mg head weight                
        
10 - < 11 mg head weight 
      
11- < 12 mg head weight 
        
12 - < 13 mg head weight 
                 
>13 mg head weight 
 
Figure 8-5A. Histological sections at lower magnification of honey bee heads by head weight (mg) 
and by weekly sample (Week 1 to Week 3) from marked emerged bees returned to a hive in an 
apiary. No sample = samples were not available. 
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 WEEK  4  WEEK  5  WEEK 6     
                
8 - < 9 mg head weight 
     
9 - < 10 mg head weight 
     
10 - < 11 mg head weight 
   
11 - < 12 mg head weight 
     
12 - < 13 mg head weight 
 
>13 mg head weight 
 
Figure 8-5B. Histological sections at lower magnification of honey bee heads by head weight (mg) 
and by weekly sample (Week 4 to Week 6) from marked emerged bees returned to a hive in an 
apiary. No sample = samples were not available. Depleted glands arrowed. 
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              WEEK  1  WEEK 2  WEEK 3 
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11 - < 12 mg head weight 
      
12 - < 13 mg head weight 
               
>13 mg head weight 
 
Figure 8-6A. Histological sections at higher magnification of honey bee heads by head weight (mg) 
and by weekly sample (Week 1 to Week 3) from marked emerged bees returned to a hive in an 
apiary. No sample = where samples were not available. 
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Figure 8-6B. Histological sections at higher magnification of honey bee heads by head weight (mg) 
and by weekly sample (Week 4 to Week 6) from marked emerged bees returned to a hive in an 
apiary. No sample = where samples were not available. 
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Figure 8-7.  Regression model fits of the seasonal data. 
 
EFFECT OF DIET ON HEAD WEIGHT 
The model accounted for 34.8 % of the variance and each term in the model was 
significant (P < 0.0025). Therefore diet, season and experiment did have an effect on head 
weight and head weight growth rate. There was an interaction between diet and the 
seasons and experiment which indicated that the effect of a diet on head weight varied 
amongst seasons. Thus, a diet that had a certain effect over summer may have a different 
effect during a different season. These interactions made it difficult to compare the diets 
directly. 
 
However, to gain an understanding of the effects of the diets, the parameters in the model 
were computed according to the standardized season of spring and experiment number 1. 
The estimates for the change in head weight are given in Table 8-2 along with the rankings 
of diet for each parameter in order of decreasing value. Although these rankings give an 
apparent order, care must be taken when interpreting these parameters as each estimate 
has an associated confidence interval and can not be considered different if their 
confidence intervals overlap. Thus, Table 8-2 must be considered alongside the matrices 
of Tables 8-3 and 8-4 which show the pair-wise comparisons of the parameter estimates 
for each diet and the diet’s impact on growth rate. Thus, although Table 8-2 shows that 
10%L diet gave the highest day 7 value for all the diets, it was not significantly different 
from four diets: PRO10, DF20, FF10 and RG (see Table 8-3). The diet which promoted the   119
greatest growth rate was diet 2%L, however it was not significantly different from diets 
PRO10, PRO, DF30 and RG (see Table 8-4). 
 
Table 8-2. Model estimates ranking of head weight with diet type at day 7 and growth rate for all 
diets. 
 Parameter  Ranking 
Diet Day  7 
Growth 
Rate  Day 7 
Growth 
Rate 
2%L -0.0028  0.000055  21  1 
RG -0.0021  0.000041  2  2 
6%L -0.0025  0.000041  9  3 
2%O -0.0026  0.000038  12  4 
cRG -0.0023  0.000036  6  5 
6%O -0.0027  0.000031  18  6 
DF30 -0.0026  0.000023  14  7 
PRO -0.0028  0.000020  22  8 
PRO10 -0.0023  0.000019  5  9 
10%L -0.0021  0.000005 1  10 
FF -0.0027  0.000003  17  11 
DF10 -0.0025  0.000002  10  12 
CS -0.0027  -0.000005  16  13 
16%L -0.0027  -0.000006  19  14 
LUP -0.0027  -0.000006  20  15 
LUP10 -0.0024  -0.000010  7  16 
16%O -0.0027  -0.000012 15  17 
DF20 -0.0023  -0.000014  4  18 
FF10 -0.0022  -0.000015  3  19 
10%O -0.0026  -0.000022 11  20 
DF -0.0024  -0.000026  8 21 
INV -0.0026  -0.000088  13 22 
 
 
HEAD WEIGHTS OF CAGED HONEY BEES FED FLOUR DIETS 
In distinct contrast to the head weights of apiary bees, bees fed in cages showed a sharp 
decrease in head weight with time (Fig. 8-9) which was presumably due to the time delay 
for emerged bees to locate the food source within the cage and the absence of older nurse   120
bees. Both the cane and invert sugar diets resulted in a continual and gradual decrease in 
head weight over time, whereas on redgum pollen (RG), head weight gradually increased 
after day 7 and peaked at day 28. Crushed and irradiated pollen (cRG) that was 7 years 
old caused head weights to increase from day 14 to day 42.  By contrast, head weights for 
emerged bees that were returned to hive in the apiary reached a peak at day 7 and 
subsequently declined to day 42. 
 
Histological sections of heads from bees fed the cRG pollen diets showed that over the 
experimental period, the hypopharyngeal gland did not fully develop to the same extent 
(see Fig. 8-8) as those illustrated in Figures 8-5A, 8-5B, 8-6A and 8-6B. However, they did 
develop sufficiently for royal jelly to be supplied to the small colony to enable bees in 5 of 
the 6 experiments to reproduce (see Table 8-5). 
 
A pure full-fat soya bean flour diet (FF) and one mixed with 10 % cRG pollen both caused 
a similar pattern of decline in head weight (Fig. 8-10) without stimulating any significant 
hypopharyngeal development. However, on a low-fat soya bean flour (Promine™) diet, 
head weight slightly increased over time (Fig. 8-12), particularly from the diet PRO10 
where the addition of 10 % cRG pollen improved head weight.  
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Figure 8-9. Mean head weight of honey bees fed cane sugar, invert sugar, redgum (RG) and 
crushed redgum pollen (cRG) compared with marked emerged bees returned to an apiary over the 
same experimental period.   121
Lupin flour on its own produced bees with lighter head weights than a diet which included 
10 % cRG pollen. The defatted soya bean flour (DF) on its own gave the lightest head 
weights of all the DF diets. The addition of between 10 and 20 % cRG pollen to DF diets 
generally produced bees with improved head weights (Fig. 8-11). 
 
   
7 days 
   
21 days 
   
42 days 
 
Figure 8-8. Histological sections at low and high magnification of the honey bee head of emerged 
bees fed cRG diet at 7 days (A and B), 21 days (C and D) and 42 days (E and F). Hypopharyngeal 
glands (arrowed). Note that glands present in week 1 and week 3 were nearly absorbed by week 6. 
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Figure 8-10. Mean head weight of honey bees fed full-fat soya bean flour and full-fat soya bean 
flour mixed with 10 % cRG pollen. 
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Figure 8-11. Mean head weight of honey bees fed defatted soya bean flour mixed with 10, 20 and 
30 % cRG pollen.   123
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Figure 8-12. Mean head weight of honey bees fed lupin and Promine™ (soya bean) flours and 
diets mixed with 10 % cRG pollen. 
 
HEAD WEIGHTS OF CAGED HONEY BEES FED LINOLEIC AND OLEIC ACID 
ENHANCED POLLEN DIETS 
Pollen enhanced with 16 % linoleic acid was associated with bees having lighter head 
weights than after being fed either 2, 6 or 10 % diet. The 2%L and 6%L diets were both 
similar in being able to increase head weights after day 7 (Fig. 8-13). 
 
The effect of oleic acid diets on head weight differed to linoleic acid diets with only the 
2%O diets clearly able to influence head weight (Fig. 8-14). Diets containing 6, 10 and    
16 % oleic acid only showed a slight increase in head weight after day 7. 
 
DIET AND BROOD PRODUCTION 
In a number of the cages, the queen bee laid eggs, which developed into larvae which 
pupated and emerged at day 42.  In Table 8-5, the data for eggs, larvae, pupae or signs of 
an emerged bee were combined to simplify the table in order to see which diet enabled a 
caged population to reproduce.  The results showed that both pollen diets (RG and cRG) 
enabled bees to physically develop a functional hypopharyngeal gland and feed larvae 
which developed into newly emerged bees. Of the diets enhanced with fatty acids, only the 
2%L, 6%L and 2%O diets encouraged the queen to lay eggs on the supplied comb which   124
then developed into larvae. Amongst the flour diets, only one, Promine™ mixed with 10 % 
cRG pollen, enabled a small number of eggs to be laid (Table 8-5). 
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Figure 8-13. Mean head weight of honey bees fed redgum (RG) pollen enhanced with 2, 6, 10 and 
16 % linoleic acid. 
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Figure 8-14. Mean head weight of honey bees fed redgum (RG) pollen enhanced with 2, 6, 10 and 
16 % oleic acid.   125
Table 8-3. Similarity of the D parameter (Diet) for each diet. 
DIET  PRO 2%L LUP 16%L  6%O  FF  CS 16%O DF30 INV  2%O 10%O DF10 6%L DF  LUP10 cRG PRO10 DF20 FF10 RG 10%L
PRO  X                            
2%L  X   X                           
LUP  X   X   X                          
16%L  X   X   X   X                         
6%O  X  X  X  X  X                       
FF  X  X  X  X  X  X                      
CS    X  X  X  X  X  X                     
16%O  X X X X X X X X                             
DF30  X X X X X X X X X                           
INV  X X X X X X X X X X                         
2%O    X X X X X X X X X X                       
10%O    X X X X X X X X X X X                     
DF10    X X X X X X X X X X X X                   
6%L        X X X X X X X X X X X                 
DF    X    X X    X X X X X X X X X               
LUP10    X    X X    X X X X X X X X X  X             
cRG            X  X  X  X  X  X  X  X       
PRO10    X    X X    X X    X X X X X X  X  X  X         
DF20    X    X X    X X    X X X X X X  X  X  X  X       
FF10        X X      X    X X X    X X  X  X  X  X X     
RG                   X  X  X   X   X    
10%L                   X  X  X   X   X   X  
   
 
 
DISCUSSION 
Head weights are an important indicator of hypopharyngeal gland weight and as diets did 
affect gland development (via head weight changes), head weight can be used to assess 
their nutritional status. The incorporation of fatty acids into pollen based diets at certain 
concentrations can be beneficial or deleterious to honey bees. Flour diets had no affect on 
head weights. 
 
HEAD WEIGHTS AS AN INDICATOR OF HYPOPHARYNGEAL GLAND WEIGHT 
The peak in head weights at 7 - 14 days of emerged bees that were marked and returned 
to a hive in an apiary corresponded to the period when the hypopharyngeal gland reaches 
maximum size (Dade 1962, Hrassnigg and Crailsheim 1998) and maximum weight (Fluri et 
al. 1982), where acini diameter peaks (Crailsheim and Stolberg 1989) and where gland 
activity is elevated (Huang and Otis 1989). The gland is the largest in the head cavity 
(Wang and Moeller 1969) averaging 8.50 to 9.94 mg in weight (Pickard and Kither 1983).   126
Table 8-4. Similarity of the T*D parameter (growth rate) for each diet. 
 
DIET INV  DF 10%O  FF10  DF20  16%O  LUP10  LUP  16%L CS  DF10 FF  10%L PRO10 PRO DF30 6%O cRG 2%O  6%L  RG  2%L 
INV  X                               
DF  X   X                            
10%O  X   X   X                          
FF10  X   X   X   X                          
DF20  X   X   X   X   X                       
16%O  X  X  X  X  X  X                     
LUP10  X   X  X  X  X X                  
LUP  X   X  X  X  X X  X                  
16%L  X  X  X  X  X  X X  X  X                 
CS  X  X  X  X  X  X X  X  X  X                
DF10  X   X   X X  X  X  X  X               
FF  X   X   X X  X  X  X  X  X              
10%L  X  X  X  X  X  X X  X  X  X  X  X  X           
PRO10    X   X      X      X X         
PRO    X   X      X      X X X         
DF30    X   X      X      X X X  X        
6%O      X  X  X X  X    X  X  X   X X  X  X       
cRG            X  X     X  X   X X  X  X  X      
2%O             X     X  X   X X  X  X  X  X     
6%L                  X  X   X  X  X  X  X  X  X     
RG                  X  X   X  X  X  X  X  X  X  X   
2%L                    X X  X      X    X 
   
 
Therefore the use of head weights to monitor changes in hypopharyngeal gland status 
should be a legitimate way of assessing the probable impact of feedstuffs on honey bees. 
Certainly, in experiments conducted so far, some feedstuffs did increase head weight with 
concomitant development of the hypopharyngeal gland. Dietary components such as 
protein and fatty acids are the main influence on hypopharyngeal development as any 
effect from minerals has been discounted (Herbert and Shimanuki 1978b).  
 
Measuring head weights would be a more practical way of assessing artificial diets and 
different pollen sources than measuring honey bee longevity (see Chapter 7). If a diet did 
not cause an increase in head weight from day 7 in cage experiments, then the feedstuff 
can be deemed as unsuitable despite the capability of diet to vary the life-span (see 
Chapter 7).     127
The head weight of emerged bees is an important measurement prior to any 
experimentation and should be included in subsequent statistical analyses. De Groot 
(1953) noted there was considerable variation in newly emerged bees and this variation 
was an important factor if homogenous material is required for experiments. 
 
Herbert and Shimanuki (1977) found diets they tested reared brood to the sealed stage 
one year and not the next. The year to year variability could be due to the significant 
seasonal effect on the head weight (viz. hypopharyngeal gland) of emerged bees. De 
Groot (1953) reviewed a number of German language scientific papers that stated life-
span and physiological condition (nitrogen content and dry weight) of bees were influenced 
by season. Kunert and Crailsheim (1988) found seasonal differences in fresh weight, 
protein, triglycerides and fats of emerged bees. After standardizing our data to remove the 
effect of season and experiment on the head weights of emerged bees, season and 
experiment within season was still found to have an effect on both growth rates of apiary 
bees and those bees treated with one of the diets. The effect of diet on the head weights 
was found to be dependent on the season, making comparisons between diets a complex 
matter.  
 
In a cautionary note, head weights were only measured from surviving honey bees and, as 
diet was also found to have an effect on the survival of bees (see Chapter 7), it is possible 
that the mean head weights of the surviving bees may not be representative of the whole 
sample (dead and alive bees). The probability of death may be related to head weight and 
this also needs to be further explored. 
 
HEAD WEIGHTS OF HONEY BEES FED FATTY ACID ENHANCED POLLEN DIETS 
Enhancing redgum, a high-protein pollen, with two different fatty acids showed for the first 
time that particular fatty acids, at certain concentrations can illicit a response from the 
hypopharyngeal gland, either beneficially or deleteriously. Those diets that elevate head 
weight sufficiently could lead to the brood being adequately fed to allow larvae to develop 
and, for some of the diets, for larvae to pupate and later adults to emerge.  
 
Linoleic acid was more benign than oleic acid. The concentration of oleic acid that limited 
head weight increase and brood production was confined to about 2 % (13.9 mg/g) in a 
diet.  For linoleic acid enhanced diets (2 % and 6 %), the concentration of linoleic acid 
could be as high as 28 mg/g, which also contained oleic acid at 11.2 mg/g (see Table 7-1, 
Chapter 7) and where brood developed (Table 8-5). The data suggest that oleic acid   128
concentrations greater than 14 mg/g could be detrimental (by dietary inhibition) to the 
activation of the hypopharyngeal gland.  
 
Table 8-5.  Number of cells with eggs, larvae, pupae or sign of emerged bees compared with diet. 
The cRG pollen was common to all 6 experiments. NA = not applicable. *experiments where bees 
developed no brood are not shown. 
Diet No.  of 
experiments 
Number of cells with eggs, larvae, 
pupae or recently emerged bees* 
Development  
stage reached 
cRG  6  110, 355, 130, 237, 2  Emerged bees 
RG  3  98, 286, 411  Emerged bees 
2%L  3  255, 205  Emerged bees 
6%L  3  220, 203  Eggs and larvae  
2%O  3  92, 129  Emerged bees 
PRO10 3  28  Eggs 
 
Singh et al. (1999) showed clear evidence of inhibitory effects of sunflower (Helianthus 
annuus) pollen lipids to the gustatory (feeding) response of bees when compared to an 
identical lipid concentration from rape (Brassica campestris). The suggestion was that it 
was the individual fatty acids in the pollen that could be responsible for differential 
stimulatory or inhibitory effects in bee gestation, which would ultimately impact upon 
hypopharyngeal gland development (and therefore head weight). In fact, sunflower pollen 
has the lowest in concentration of four of the five fatty acids found in all pollen when 
compared to Brassica (see Figs. 4-15 to 4-19).  
 
The sensitivity of fatty acid concentration in pollen, shown in the experiments conducted 
here, revealed that as well as concentration, composition of fatty acids in diets will be an 
important consideration. Standifer (1966b) found that dandelion pollen is highly attractive 
to bees, and is excellent for brood rearing despite its unusually high percent of total lipid 
(7.3 %). From Table 7-1 (see Chapter 7), this 7.3 % total lipid is close to the limits where 
there was no response in head weight gain when oil was added to pollen. For example, 
the total lipid content of the pollen + linoleic acid diet appears to have a physiological 
limitation at about 11.1 % (i.e. the 10%L diet) which still enabled some head weight 
increase whilst the limit for the pollen + oleic acid diet is somewhere greater than 1.1 % but 
less than 7.2 % (the 6%O diet). Standifer’s observation that ‘excellent brood rearing’ 
occurred from a diet of dandelion pollen is in stark contrast to research by Herbert et al. 
(1970) who found bees fed dandelion pollen diets were unable to rear brood.    129
 
Herbert et al. (1970) discovered why the dandelion pollen in their experiments was unable 
to rear brood. When fortified with L-arginine, the diet did result in complete brood rearing. 
This indicates that besides fatty acid composition, a diet high in lipid concentration can 
adversely affect the protein concentration and therefore amino acid composition. 
 
Interestingly, and without apparently conducting any research, Stace (2005) recommended 
the addition of 6 % by weight of vegetable oil (cottonseed or soya bean) to artificial bee 
feeds when apiaries were on Eastern Australian eucalypt pollen flows. This was probably a 
calculated guess after reviewing the lipid averages of pollen from various parts of the world 
which appear to be about this level. As vegetable oils have fatty acid compositions that 
vary considerably, caution should prevail until further research is conducted.  
 
HEAD WEIGHTS OF HONEY BEES FED FLOUR DIETS 
Of the flour diets, the only diet where eggs were produced was the Promine™ plus 10 % 
cRG pollen which was low in oleic acid (0.5 %). It may not mean that the low concentration 
of oleic was responsible for egg production because the queen may have responded to the 
high protein content of the feedstuff. However, it does not explain why the defatted soya 
bean flour (DF), a diet also low in oleic acid (and high in protein), caused the queen not to 
lay eggs. For full-fat soya bean and lupin flour, the oleic acid concentration exceeded the 
proposed 14 mg/g limit and may be the reason why the hypopharyngeal gland did not 
develop sufficiently to allow feeding of the larvae or illicit a reproductive response from the 
queen. 
 
Soya bean products contain a relatively large number of antinutritional factors such as 
compounds classified as protease inhibitors, phyto-haemaglutins (lectins), urease, 
lipoxygenases and antivitamin factors which are normally destroyed by heat or by more 
elaborate processing (van Eys et al. 2004). A protease inhibitor, soya bean trypsin inhibitor 
when feed to bees (0.1 – 1 %) reduced hypopharyngeal gland protein content, midgut 
proteolytic enzyme activity and caused low survival of bees (Sagili et al. 2005). Soya bean 
trypsin inhibitor fed to newly emerged bees for 10 days significantly reduced the mean 
weights of the hypopharyngeal gland and the mean diameter of the glands’ acini 
(Babendreier et al. 2005). Of the two soya bean flours used in the experiment, full fat was 
processed from pure dehulled beans whilst the defatted flour was processed by expeller 
and solvent extraction. Only the defatted flour would have been subjected to a heat 
process during the desolventizer process and this would have inactivated any anti-  130
nutritional factors. Whether there was any underlying influence of trypsin inhibitor on bees 
fed the diets in these experiments is not clear. 
 
However, the use of both soya bean flours, whether defatted or full-fat, or lupin flour did 
not offer any benefit by way of increasing head weights, even when pollen was added up 
to 30 % to diets.  Only the flour with the lowest fat concentration, Promine™ showed some 
promise. It is a protein concentrate (62.4 % protein) from soya bean, has a low lipid 
concentration, and in processing, the least amount of trypsin inhibitor is retained (van Eys 
et al. 2004) (Table 7-2, Chapter 7).   
 
The general lack of response of head weight growth to flour diets was similar to that found 
by Herbert and Shimanuki (1977) and it could be related to the lack of vitamins. Haydak 
(1949) found the addition of two vitamins, niacin and riboflavin to soya bean flour diets 
improved brood rearing, indicating some associated hypopharyngeal gland development. 
The soya bean flour process ground from beans might also cause vitamin loss. 
 
The use of soya bean flour in honey bee diets has been promoted for many decades. The 
results of measuring head weight (this Chapter) has found that as a feedstuff, it had no 
beneficial influence over the hypopharyngeal gland development despite being useful in 
increasing honey bee longevity when there was no other source of protein (Chapter 7). 
There is an underlying problem with soya bean flour as a dietary food for honey bees and 
this is explored further in Chapter 9 where protein, lipid, mineral and fatty acid contents of 
the body of honey bees are examined.   131
CHAPTER NINE 
 
NUTRIENT COMPOSITION OF HONEY BEES 
 
1.  RESPONSE TO DIETS OF LINOLEIC AND OLEIC FATTY ACID ENHANCED 
RED GUM POLLEN. 
 
2.  RESPONSE TO PURE DIETS OF SOYA BEAN FLOUR (HIGH, MEDIUM AND 
LOW FAT) AND LUPIN FLOUR. 
 
INTRODUCTION 
Honey bees are extremely polylectic (Schmidt et al. 1987) visiting many different plants for 
pollen or nectar. Pollen provides all the nutrients required by honey bees for growth and 
development. Honey bees can collect other foods such as black rust (Uromyces sp.) 
spores (Schmidt et al. 1987) and in times of pollen dearth, when extreme environmental 
conditions prevail, bees can be found collecting the fine dust from flour mills. Pollen 
consumption by bees and brood rearing are significantly correlated (Herbert and 
Shimanuki 1978b) and the digestibility of pollen is relatively efficient, averaging 70.2 % 
(Roulston and Cane 2000). 
 
The nutritional value of pollen from different plant species varies widely and because most 
plants flower seasonally, the total body protein for example, can differ significantly over 
time (Rani and Jain 1996). At one extreme, some pollen can bring about a real lengthening 
of life-span, hypopharyngeal gland and fat body development while other pollen types may 
shorten the life-span and have no effect on the bee’s physiological condition (Maurizio 
1950).  
 
The pollen wall consists of two layers: the exine composed of a matrix of cellulose and 
sporopollenin, one of the most intractable biological materials, which can be sculptured 
with spines and pores, and the intine, composed of cellulose and pectic acids (Echlin 
1970). External to the exine is a semisolid layer of lipids, proteins and sugars (Peng et al. 
1985) and is covered with pollenkitt, a carotenoid, usually coloured, sticky and with a 
distinctive  odour  (Echlin  1970).  The  lipid  component  of  the  pollen  can  range  from                 132
0 to 11.2 % with a mean of 2.52 % in Australia where endemic plant pollen has much less 
lipid than the pollen of exotic species, 1.78 and 4.13 %, respectively (Somerville 2005b).  
 
Vitellogenin is the most abundant storage lipoprotein in female insects and is stored in the 
fat body located in the abdomen (Toth and Robinson 2005). When honey bees are 
receiving no supplies of pollen over an extended period, the greatest loss of nitrogen is 
from the abdomen (Haydak 1937). Lipids are also stored in the fat body and are a 
component with amino acids in the synthesis of vitellogenin, which is transported in the 
haemolymph. Vitellogenin contributes some 32 - 40 % of the protein in the haemolymph of 
bees in the hive (1 - 20 days old) and decreases to 15 - 26 % in field bees [24 - 40 days 
old] (Fluri et al. 1982).  
 
Most insects obtain amino acids from their foods by ingesting protein (Nation 2002) and for 
honey bees, it is from pollen. Honey bees efficiently digest and utilise the nutritional 
elements of pollen (Schmidt and Buchmann 1985). Ten L-amino acids are essential for the 
growth of honey bees: arginine, histidine, lysine, tryptophan, phenylalanine, methionine, 
threonine, leucine, isoleucine and valine (de Groot 1953, Haydak 1970). Of all the amino 
acids, the predominant is proline and between colonies of bees, there is great variance in 
the concentration of all amino acids (Crailsheim and Leonhard 1997). 
 
The gastrointestinal tract of 9 day-old nurse bees contains the largest amount of pollen 
which declines to minimal amounts in foragers and is digested more efficiently by young 
bees than by foragers (Crailsheim et al. 1992). Freshly emerged bees have low levels of 
proteolytic enzymes but rise to peak at day 8 (Moritz and Crailsheim 1987; Szolderits and 
Crailsheim 1993). Proteolytic activity correlates with the protein content of the midgut and 
is associated with the size of the hypopharyngeal gland (Moritz and Crailsheim 1987).  
 
Most insects can synthesize carbohydrate from protein and lipids (Nation 2002).  This 
synthesis is important as royal jelly contains 11 % carbohydrate (Schmidt and Buchmann 
1997) and is produced by young bees. Adult honey bees can only raise brood for a 
relatively short time when fed a pure carbohydrate diet and during this time, protein is 
sourced from their own body tissue (Haydak 1935), particularly from the fat body in the 
abdomen. 
 
The macronutrient requirements for minerals have been established for only a few insects. 
The trace elements (such as sodium, zinc, iron, manganese and copper) have been little   133
studied (Nation 2002). Small amounts of many minerals are required as metal ions in 
enzyme co-factors and metalloenzymes (Nation 2002). Iron is one element that is 
deposited in tissue (Haydak 1970).  
 
The most important honey bee produced food, royal jelly, contains about 1 % minerals 
predominantly of potassium but high levels of the trace elements zinc, iron, copper and 
manganese also occur (Schmidt and Buchmann 1997). This brood food is secreted by the 
hypopharyngeal gland. The development of the gland responds to changes in bees 
behaviour and age, and mirrored with this, is pollen consumption.  Pollen consumption is 
high when bees are young and low when bees are older. However, minerals in pollen are 
apparently not essential for the development of the hypopharyngeal gland (Herbert and 
Shimanuki 1978b). 
 
In earlier experiments (see Chapters 7 and 8), longevity and life-span and head weight 
were significantly affected by diets composed of pollen, pollen enhanced with fatty acids 
and flours. Therefore, analysis of the chemical components of the honey bee body may 
show some chemical relationship as to why these parameters may have been affected. 
This is the objective of this chapter. 
 
METHODOLOGY 
General procedures have been described in Chapter 5. Briefly, 12 diets of pollen 
enhanced with two fatty acids (oleic and linoleic) were fed to bees in 12 cages and 
replicated three times. A further 12 diets, that contained flour from soya bean or lupin were 
fed to bees in the same way and replicated three times. In total, seven experiments were 
conducted, one of which was repeated (see Chapter 7). The diet labels and fatty acid 
portion of the diets have been previously given (Tables 7-1 and 7-2). At the same time as 
the cage experiments commenced, approximately 500 bees of the remaining emerged 
bees were marked with a white dot on the dorsal thorax and returned to a hive in an apiary 
(see Fig. 5-1). 
 
Frozen samples of bees used for head weights (Chapter 8) were gutted for nutrient 
measurements. The area of comb in each cage at the conclusion of each experiment was 
also measured. 
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APPLIED FATTY ACID 
The nutritional composition of each diet is shown in Table 9-1. The fatty acid profile of the 
two oils that were added to the pollen diets are shown in Table 9-2.  
 
FLOUR - SOYA BEAN AND LUPIN 
The nutritional composition for each diet is shown in Table 9-3. 
 
HONEY BEE ANALYSIS 
Honey bees (10) were harvested each week from each treatment but depended upon 
population’s period of survival. The guts were removed from bees (Fig. 5-2) and then 
analysed for mineral, protein, lipid and fatty acid composition each week for 6 weeks. A 
composite sample of wax scales collected from the abdomen of bees fed each of three 
diets: pollen + oleic, pollen + linoleic and redgum pollen was analysed for fatty acid 
composition (Table 9-4). 
 
FATTY ACID ANALYSIS 
The same procedure was followed as described in the methodology in Chapter 3. Only 
those fatty acids exceeding 0.10 mg/g in body concentration are reported in the results. 
 
PROTEIN DETERMINATION 
The nitrogen content of the bees was determined by complete combustion of the bees 
(AOAC Official Methods 2000a). The percentage of nitrogen was then multiplied by a 
factor of 6.25 to give crude protein levels in the samples. 
 
LIPID ANALYSIS 
The fat level was determined by a modification of the AOAC method 27.4.04 (2000b) 
where the extracting solvent was hexane. 
 
MINERAL ANALYSIS 
The bees were dissolved in concentrated nitric/perchloric acid in a block digester (200-
210
oC). After cooling, the digests were diluted with deionised water and analysed for 
minerals (P, K, Na, Ca, Mg, S, Fe, Mn, Zn and Cu) by ICP-AES (Mc Quaker et al. 1979). 
The results for Na, Ca and Mg are not reported here because of their small variation in 
concentration over time and for diet. 
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Table 9-1. Protein (%), lipid (%), fatty acid (mg/g) and mineral content of the fatty acid enhanced 
pollen and redgum (RG) pollen diets. Cane and invert sugar diets made up the rest of the 12 cage 
experiments. 
 
Diet Protein  Lipid    Myristic  Palmitic Palmitoleic   Unk3 
RG + 2% L  23.2  2.70 0.24  2.04  0.06  0.09 
RG + 6% L  22.6  7.20 0.25  3.07  0.07  0.10 
RG + 10% L  21.7  11.1 0.30  3.60  0.11  0.08 
RG + 16% L  20.4  17.3 0.42  4.64  0.20  0.08 
RG + 2% O  24.0  1.10 0.79  2.81  0.76  0.09 
RG + 6% O  23.3  7.20 1.57  4.32  1.75  0.50 
RG + 10% O  22.2  11.7 2.40  5.82  2.76  0.75 
RG + 16% O  20.4  14.2 4.03  9.18  4.85  0.02 
RG 24.4  1.6  0.15 1.17  0.00  0.07 
cRG 29.0  2.60  0.28  6.50  0.04  0 
 
Diet  Stearic Oleic    Linoleic Linolenic Unk5 Unk6 Lignoceric 
RG + 2% L  0.34  5.51  13.2 2.10  0.10  0.04  0.08 
RG + 6% L  0.45  11.2  28.0 3.89  0.18  0.08  0.16 
RG + 10% L  0.57  18.2  45.2 5.31  0.14  0.06  0.14 
RG + 16% L  0.85  30.4  74.3 8.42  0.12  0.06  0.07 
RG + 2% O  0.52  13.9  5.13 1.37  0.07  0.03  0.05 
RG + 6% O  0.85  30.6  5.25 1.49  0.10  0.05  0.09 
RG + 10% O  1.25  48.4  7.29 1.97  0.10  0.04  0.06 
RG + 16% O  2.01  87.6  11.3 2.81  0.11  0.03  0 
RG 0.23  0.72  2.12  0.87 0.07  0.03  0.05 
cRG 0.54  1.56  15.7  2.03 0.54  0.29  0.43 
 
Diet 
K 
(%) 
P 
(%) 
S 
(%) 
Cu 
(mg/kg) 
Fe 
(mg/kg) 
Mn 
(mg/kg) 
Zn 
(mg/kg) 
RG + 2% L  0.53  0.41  0.29  23  130  36  91 
RG + 6% L  0.51  0.39  0.28  22  130  35  87 
RG + 10% L  0.49  .038  0.27  21  130  34  82 
RG + 16% L  0.47  0.36  0.25  20  120  32  80 
RG + 2% O  0.53  0.41  0.29  23  140  37  89 
RG + 6% O  0.51  0.39  0.28  22  130  36  87 
RG + 10% O  0.49  0.38  0.27  21  130  34  84 
RG + 16% O  0.45  0.35  0.25  20  110  32  77 
RG  0.54  0.41  0.30  22 140 38  89 
cRG  0.54  0.42  0.30  22 130 39  89 
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Table 9-2.  Fatty acid (mg/g) profile of the oil added to pollen diets. 
Unk1- between C14-1 & C15; Unk2 – between C16 & C16-1; Unk3 – between C16-1 & C17; Unk4 
between C18-1 & C18-2; Unk5 – between C20-1 & C20-2; Unk6 – between C22-1 & C22-2. 
 
Diet  oil  Myristic Unk1 Palmitic Palmitoleic Unk2 Unk3 Stearic Oleic 
Linoleic acid  2.00  0  23.9  1.17  0  0  4.64  213.5 
Oleic acid  38.9  5.93  72.3  43.6  10.2  0  16.2  729.8 
 
Diet  oil  Unk4 Linoleic Linolenic Gondoic Unk5 Behenic Unk6 Lignoceric 
Linoleic  acid  1.77  445.1  39.5 2.65 0 0.63 0  0 
Oleic  acid  1.80  31.5  3.85  2.56  0 0 0  0 
 
 
 
STATISTICAL ANALYSIS 
Differences between the means of the various treatment groups (12 cage diets and one 
unknown pollen diet by apiary bees) were analysed with a simple analysis of variance 
model using the restricted maximum likelihood (REML) procedure in GenStat (2005) 
because of the unequal numbers of bees in the groups formed. The analysis used a 
factorial subdivision of the treatments into an ANOVA model of treatment x time (XDATA) 
where a line (xdata) was fitted to each treatment and tested statistically (treatmentxdata). 
Non-linearity was also tested which required the p-value to be non-significant for the 
treatment.XDATA interaction after the fixed term treatment.xdata was fitted.   
 
The predictions from REML analysis were based on the following equation: 
 
Constant + treatment + XDATA + treatment.XDATA     Equation 1 
 
And the overall linear slope for each diet was tested using the following equation: 
 
Constant + treatment + xdata + treatment.xdata      Equation 2 
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Table 9-3. Protein (%), lipid (%), fatty acid (mg/g) and mineral content of the flour diets. Pollen 
(cRG), cane sugar diets made up the rest of the 12 cage experiments. 
 
Diet  Protein   Lipid   Myristic Palmitic  Palmitoleic  Unk3 
PRO 62.4  0.6  0.03  0.98  0  0 
PRO10 58.7  0.5  0.07 1.77  0.02 0 
DF 54.7  1.80  0.04 3.27  0.03 0 
DF10 52.4  2.00  0.06 3.79  0.03 0 
DF20 49.9  1.80  0.08 3.93  0.04 0 
DF30 46.7  2.00  0.10 4.25  0.13 0 
FF 42.9  18.9  0.18  21.46 0.15  0.13 
FF10 41.8  16.9  0.16 19.85  0.13  0.12 
LUP 42.2  6.9 0.23 7.69  0.02  0.05 
LUP10 40.1 6.4  0.12 3.55  0.06  0.03 
 
Diet  Stearic Oleic Linoleic Linolenic Unk5 Unk6 Lignoceric 
PRO 0.36  2.55  1.50 0.22 0 0  0 
PRO10 0.41 2.60  3.53 0.73  0.06  0  0 
DF 0.81  4.11  10.9  1.43  0  0  0 
DF10 0.77  3.82  11.5  1.50 0.08 0  0.10 
DF20 0.77  3.69  11.5  1.49 0.11 0  0.11 
DF30 0.75  3.49  12.0  1.60 0.15  0.08  0.15 
FF 5.99  28.3  95.1  16.63 0 0  0.19 
FF10 5.42  25.5  86.5 15.14 0.04 0  0.17 
LUP 3.51  21.2  29.5 3.77 0 0  0.25 
LUP10 1.04 19.0 27.7 4.25  0.05  0  0.31 
 
Diet 
K 
(%) 
P 
(%) 
S 
(%) 
Cu 
(mg/kg) 
Fe 
(mg/kg) 
Mn 
(mg/kg) 
Zn 
(mg/kg) 
PRO 2.52  0.79  0.50 11  100  42  32 
PRO10 2.32 0.75 0.47  13  100  42  42 
DF 2.17  0.66  0.41  20 160 46  57 
DF10 1.96  0.62  0.40  21  150  47  71 
DF20 1.82  0.61  0.39  21  160  47  82 
DF30 1.63  0.58  0.38  22  140  46  91 
FF  1.78  0.65  0.35  11 69 35 41 
FF10  1.63  0.62  0.34  13 75 36 49 
LUP 1.02  0.43  0.28 6  52  57  35 
LUP10 0.98  0.43  0.28  8.1  64  56  45   138
RESULTS 
FATTY ACID ANALYSIS OF OILS USED TO ENHANCE POLLEN DIETS 
The linoleic and oleic oils used to enhance the fat content of pollen were not pure as they 
were laboratory grade and this is reflected in Table 9-2. A large concentration of oleic acid, 
almost 48 % of the linoleic acid concentration, was present in the linoleic oil used to 
enhance pollen diets. The oleic oil was more pure and contained only 4.3 % of the oleic 
acid concentration as linoleic acid. 
 
FATTY ACID ANALYSIS OF WAX SCALES FROM BEES AND COMB PRODUCTION 
Fatty acid analysis 
The dominant fatty acid in the wax scales produced from the bees’ abdomen was palmitic 
acid (Table 9-4). This was highest in concentration in wax produced from bees fed redgum 
pollen diets. Other dominant fatty acids were Unk5, oleic, lignoceric and Unk6. Palmitoleic 
and linolenic acids were not present in wax scales. Myristic, Unk1, palmitoleic, Unk3, 
linoleic or linolenic acids were not found in wax scales of bees fed redgum pollen diets 
(Table 9-4). 
 
Table 9-4.  Fatty acid (mg/g) profile of wax scales produced by bees fed pollen diets enhanced with 
linoleic acid and oleic acid and redgum pollen. Unk1- between C14-1 & C15; Unk2 – between C16 
& C16-1; Unk3 – between C16-1 & C17; Unk4 between C18-1 & C18-2; Unk5 – between C20-1 & 
C20-2; Unk6 – between C22-1 & C22-2. 
 
Diet  Myristic Unk1 Palmitic Palmitoleic Unk2 Unk3 Stearic Oleic 
Linoleic + redgum  0.65  0.29  117.6  0  0  2.29  3.84  20.9 
Oleic + redgum  0.62  0.31  106.4  0  0  3.39  4.21  20.9 
Redgum 0  0  131.9  0  5.71  0  5.33  34.7 
 
Diet  Unk4 Linoleic Linolenic Gondoic Unk5 Behenic Unk6 Lignoceric 
Linoleic + redgum  4.21  0.96 0 1.19  8.64  4.40  2.50  29.1 
Oleic + redgum  7.00  1.04  0 1.29  14.3  4.19  6.01  31.3 
Redgum pollen  13.0  0  0  2.20  40.7  6.14  19.6  39.4 
 
Comb production 
The average area of comb produced was highest for bees fed pollen [458 cm
2 (RG), 412 
cm
2 (cRG)]. The next highest was 2%L (163 cm
2) with the rest of that diet sequence 
producing combs ranging in area from 33 to 87 cm
2. The bees fed oleic acid+pollen diets   139
had comb areas that ranged from 20 to 104 cm
2 and bees fed sugar produced 41 cm
2 
(cane sugar) and 58 cm
2 (invert sugar). 
 
DIETS 
The concentration of twenty nutritional components measured in emerged bees (prior to 
experimentation) are shown in Table 9-5. The majority of the elements increased in bodily 
concentration following exposure to provided food (see Figs 9-1 to 9-20). 
 
Table 9-5. Mean and standard error of bodily elements of emerged bees (prior to experimentation) 
after their guts were removed. 
 
Body measurement  Mean  S.E.  n
Protein 17.4  %  1.03 7 
Lipid 1.74  %  0.24 7 
Myristic acid  0.12 mg/g  0.01 7 
Palmitic acid  2.24 mg/g  0.09 7 
Palmitoleic acid  0.37 mg/g  0.05 7 
UNK3 0.16  mg/g  0.02 7 
Stearic acid  1.69 mg/g  0.04 7 
Oleic acid  9.07 mg/g  0.40 7 
Linoleic acid  0.66 mg/g  0.09 7 
Linolenic acid  0.65 mg/g  0.04 7 
UNK5 0.20  mg/g  0.03 7 
UNK6 0.07  mg/g  0.01 7 
Lignoceric acid  0.06 mg/g  0.01 7 
Potassium 0.34  %  0.03 6 
Phosphorus 0.26  %  0.02 6 
Sulphur 0.17  %  0.01 6 
Copper 6.16  mg/kg 0.52 6 
Iron 22.7  mg/kg 1.76 6 
Manganese 1.14  mg/kg 0.26 6 
Zinc 25.7  mg/kg 2.55 6   140
Of the twenty components of the honey bee body measured (see Table 9-6), only four 
showed no significant difference between six treatments. These were the body 
concentrations of lipid, myristic acid, potassium and phosphorus. The rest of the 
components, viz. protein, the fatty acids (palmitic, palmitoleic, Unk3, stearic, oleic, linoleic, 
linolenic, Unk5, Unk6, lignoceric) and minerals (sulphur, copper, iron, manganese and 
zinc) were significantly influenced (P < 0.04) by the treatments tested.  
 
Time did not influence most of the body components measured. However, the body 
content of lipid, palmitic acid, Unk3 acid, Unk5 acid, lignoceric acid, sulphur and zinc were 
significantly altered (P < 0.05) over the duration of the experiment (see Table 9-6). Copper 
was borderline significant (P = 0.062). 
 
Table 9-6. Significance values for the effect of diet, time and linear trend of 20 body components 
measured in the honey bee. 
 
Body component 
measurement 
Effect of Treatment  Effect over time
(XDATA) 
Linear trend
(xdata) 
Protein  P < 0.001  P = 0.217  P = 0.027 
Lipid  P = 0.147  P < 0.001  P = 0.458 
Myristic acid  P = 0.161  P = 0.262  P = 0.763 
Palmitic acid  P = 0.029  P < 0.001  P = 0.012 
Palmitoleic acid  P < 0.001  P = 0.246  P < 0.001 
Unk3  P < 0.001  P = 0.004  P < 0.001 
Stearic acid  P < 0.001  P = 0.195  P = 0.013 
Oleic acid  P < 0.001  P = 0.287  P = 0.062 
Linoleic acid  P < 0.001  P = 0.808  P < 0.001 
Linolenic acid  P < 0.001  P = 0.688  P = 0.045 
Unk5  P < 0.001  P = 0.003  P = 0.520 
Unk6  P < 0.001  P = 0.293  P < 0.001 
Lignoceric acid  P = 0.014  P < 0.001  P = 0.154 
Potassium  P = 0.114  P = 0.403  P = 0.003 
Phosphorus  P = 0.116  P = 0.172  P = 0.189 
Sulphur  P < 0.001  P = 0.029  P = 0.016 
Copper  P < 0.001  P = 0.062  P = 0.258 
Iron  P < 0.001  P = 0.513  P < 0.001 
Manganese  P < 0.001  P = 0.134  P = 0.092 
Zinc  P = 0.035  P < 0.001  P = 0.410   141
A significant (P < 0.05) linear trend was shown for a number of body components such as 
body protein, palmitic acid, palmitioleic acid, Unk3 acid, stearic acid, linoleic acid, linolenic 
acid, Unk6 acid, potassium, sulphur and iron measured for the different treatments tested 
(Table 9-6). The linear trend of oleic acid was borderline (P = 0.062). The body 
components such as lipid, myristic acid, Unk5 acid, lignoceric acid, phosphate, copper, 
managanese and zinc showed no significant linear trend. 
 
PROTEIN 
There were significant differences in protein levels with treatment (P < 0.001). The protein 
level in bees increased for all diets except sugar (Fig. 9-1). Protein levels of bees fed on 
sugar remained depressed compared to the other three diets and apiary bees. After day 
21, protein uptake from flour diets decreased after initially increasing. 
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Figure 9-1. The predicted values of the concentration of body protein (%) over 42 days between 
different diets (5 % LSD = 2.37 %). 
 
LIPID 
There were no significant differences in lipid levels with treatment (P = 0.147). Body lipid 
levels increased to peak at day 21 to day 28 before decreasing. The carbohydrate diet 
enabled bees to attain the highest level of lipid, but a rapid loss occurred after day 28 
which was in contrast to the other diets and bees from the apiary (Fig. 9-2).   142
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Figure 9-2. The predicted values of the concentration of body lipid (%) over 42 days between 
different diets (5 % LSD = 1.27 %). 
 
FATTY ACIDS 
Of the fatty acids measured from bee bodies, eleven were in sufficient concentration in the 
body of the bee to be of importance. These acids were: myristic, palmitic, palmitoleic, 
stearic, Unk3, oleic, linoleic, linolenic, Unk5, Unk6 and lignoceric and cover the five fatty 
acids commonly found in pollen (Chapter 4). 
 
Myristic acid (C14) 
There were no significant differences in myristic acid levels with treatment (P = 0.161). 
Generally, the concentration of myristic acid ranged from 0.06 to 0.08 mg/g over 42 days 
(Fig. 9-3A). As the apiary bees grew older from 3 weeks of age, the concentration of 
myristic acid increased. The amount of myristic acid excreted generally increased the 
longer the bees remained caged (Fig. 9-3Bi, Fig. 9-3Bii).   143
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Figure 9-3A. The predicted values of the concentration of body content of myristic acid (mg/g) over 
42 days between different diets (5 % LSD = 0.02 mg/g). 
 
 
Figure 9-3B. Box plots of the concentration of myristic acid (mg/g) excreted into the gut of bees fed 
pollen (i) or both oil+pollen diets (ii) at day 7, 28 and 42. 
 
Palmitic acid (C16) 
There were significant differences in palmitic acid levels with treatment (P = 0.029). The 
concentration of palmitic acid peaked from all diets except for flour diets and apiary bees 
at day 14 which steadily declined to day 42. The bees fed flour diets showed a steady 
(i)  (ii)   144
increase in the fatty acid until day 35 where it reached a peak before declining (Fig. 9-4A). 
Bees from the apiary showed a similar pattern to that of bees in cages fed pollen and the 
two oil+pollen diets, but the concentration peaked earlier at day 7 and then declined from 
the body tissue before increasing from day 35.  
 
The concentration of palmitic acid in the gut increased over the time the bees were caged 
for the experiment (Fig. 9-4B) despite being a major component of wax scales produced 
for the extensive rebuilding of the plastic foundation during the early days of the 
experiment (Table 9-4). From pollen diets, the excretion concentrations of palmitic acid at 
day 28 were similar to that at day 7. This coincided with the period when bees produced 
wax scales which were high in palmitic acid for comb production. 
 
Palmitoleic acid (C16-1) 
There were significant differences in palmitoleic acid levels with treatment (P < 0.001). 
There was significant divergence from day 21 where the palmitoleic acid concentration in 
bees fed both the pollen and both oil+pollen diets gradually decreased whereas 
concentrations remained high from flour and sugar diets (Fig. 9-5A). Excretion rates of 
palmitoleic acid increased only slightly (Fig. 9-5B) except for an increase in concentration 
at day 42 for pollen-fed bees (Fig. 9-5Bi). 
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Figure 9-4A. The predicted values of the concentration of body content of palmitic acid (mg/g) over 
42 days between different diets (5 % LSD = 0.81 mg/g).   145
 
 
Figure 9-4B. Box plots of the concentration of body palmitic acid (mg/g) excreted into the gut of 
bees fed pollen (i) or both oil+pollen diets (ii) at day 7, 28 and 42. 
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Figure 9-5A. The predicted values of the concentration of body content of palmitoleic acid (mg/g) 
over 42 days between different diets (5 % LSD = 0.12 mg/g). 
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Figure 9-5B. Box plots of the concentration of body palmitoleic acid (mg/g) excreted into the gut of 
bees fed pollen (i) or both oil+pollen diets (ii) at day 7, 28 and 42. 
 
Fatty acid – Unk3 eluting between fatty acids C16-1 and C17. 
There were significant differences in Unk3 acid levels with treatment (P < 0.001). Bees fed 
on flour diets had Unk3 levels which peaked at day 14 and then decreased over the 
following four weeks to be the lowest of all treatments (Fig. 9-6A).  Uptake of Unk3 was 
lowest from day 7 to day 21 in bees fed sugar. Initial concentrations of Unk3 from bees in 
the apiary were much lower than levels in caged bees which steadily rose to the highest 
level of all treatments at day 42.  
 
The Unk3 fatty acid was not present in the oils added to the pollen diet (Table 9-2) or 
crushed and irradiated redgum pollen (Table 9-4). Unk3 was only present in full fat soya 
bean (FF) and lupin flour (LUP). This was unusual because it was present in fresh redgum 
pollen (Table 9-1). The concentration of Unk3 excreted generally increased over the 42 
day experiment (Fig. 9-6B).  
 
Stearic acid (C18) 
There were significant differences in stearic acid levels with treatment (P < 0.001). The 
bees fed the sugar and flour diets accumulated less stearic acid than bees fed pollen diets 
(Fig. 9-7A). The bees from the apiary had an elevated concentration of stearic acid which 
may have been due to differences in diet. Overall, the concentration of excreted stearic 
acid increased but dipped slightly at day 28 in bees fed pollen diets (Fig. 9-7Bi).  
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Figure 9-6A. The predicted values of the concentration of body content of Unk3 acid (mg/g) over 42 
days between different diets (5 % LSD = 0.09 mg/g). 
 
 
 
 
Figure 9-6B. Box plots of the concentration of Unk3 acid (mg/g) excreted into the gut of bees fed 
pollen (i) or both oil+pollen diets (ii) at day 7, 28 and 42. 
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Figure 9-7A. The predicted values of the concentration of body content of stearic acid (mg/g) over 
42 days between different diets (5 % LSD = 0.20 mg/g). 
 
 
 
 
Figure 9-7B. Box plots of the concentration of body stearic acid (mg/g) excreted into the gut of bees 
fed pollen (i) or both oil+pollen diets (ii) at day 7, 28 and 42. 
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Oleic acid (C18-1) 
There were significant differences in oleic acid levels with treatment (P < 0.001). The oleic 
acid concentration was generally higher in bees fed flour diets.  A similar gradual increase 
in concentration was measured in bees from the apiary albeit at lower concentrations. 
Oleic acid was the highest concentration of all fatty acids excreted by day 42 (Fig. 9-8B).  
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Figure 9-8A. The predicted values of the concentration of body content of oleic acid (mg/g) over 42 
days between different diets (5 % LSD = 1.28 mg/g). 
 
 
Figure 9-8B. Box plots of the concentration of body oleic acid (mg/g) excreted into the gut of bees 
fed pollen (i) or both oil+pollen diets (ii) day 7, 28 and 42. 
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Linoleic acid (C18-2) 
There were significant differences in linoleic levels with treatment (P < 0.001). The bees 
fed pollen and both oil+pollen diets showed an increasing concentration over the 
experimental period (Fig. 9-9A). In contrast, there was weak accumulation of linoleic acid 
by bees from the flour and sugar-only diets.   
 
The concentration of linoleic acid in bees from the apiary generally followed the same 
linear trend for pollen and both oil+pollen diets (Fig. 9-9A). Linoleic acid was excreted in 
increasing rates over the length of time the bees were caged (Fig. 9-9B), except for bees 
fed pollen diets, where the concentration in the gut decreased at day 28 (Fig. 9-9Bi). This 
indicates that linoleic acid was being reabsorbed into the body because of an unknown 
bodily requirement.  
 
Linolenic acid (C18-3) 
There were significant differences in linolenic acid levels with treatment (P < 0.001). The 
bee response to this fatty acid was similar for all diets except the concentration of linolenic 
acid was higher for bees fed flour diets than any of the other three diets (Fig. 9-10A). The 
apiary bees had a much higher body concentration of linolenic acid, similar to that of 
stearic acid (Fig. 9-7A). The concentration of linolenic acid in the gut decreased at day 28 
for bees fed pollen diets (Fig. 9-10Bi) as it did for linoleic acid (Fig. 9-9Bi) and perhaps for 
the same reason. For the bees fed the oil+pollen diets, the amount excreted was less than 
for bees fed pollen. 
 
Fatty acid – Unk5 eluting between C20-1 and C20-2 
There were significant differences in body Unk5 acid levels with treatment (P < 0.001). The 
apiary bees had a gradual uptake of Unk5 acid albeit at a much lower level than caged 
bees which tended to peak in concentration at day 21 and between days 35 - 42. The 
excretion of Unk5 acid increased in concentration over the period of the experiment (Fig. 
9-11B).  
 
The fatty acid was not present in any of the oils added to the pollen (Table 9-2), but was 
present in all pollen diets (Table 9-1) and all flour diets enhanced with pollen (Table 9-3) 
which meant that it was exclusively a fatty acid found in pollen and this was reflected in the 
higher amount excreted from bees fed pollen diets (Fig. 9-11Bi). Unk5 was a dominant fat 
found in wax scales of bees (Table 9-4).  
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Figure 9-9A. The predicted values of the concentration of body content of linoleic acid (mg/g) over 
42 days between different diets (5 % LSD = 0.78 mg/g). 
 
 
 
 
Figure 9-9B. Box plots of the concentration of body linoleic acid (mg/g) excreted into the gut of 
bees fed pollen (i) or both oil+pollen diets (ii) at day 7, 28 and 42. 
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Figure 9-10A. The predicted values of the concentration of body content of linolenic acid (mg/g) 
over 42 days between different diets (5 % LSD = 0.23 mg/g). 
 
 
 
 
Figure 9-10B. Box plots of the concentration of body linolenic acid (mg/g) excreted into the gut of 
bees fed pollen (i) or both oil+pollen diets (ii) at day 7, 28 and 42. 
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Figure 9-11A. The predicted values of the concentration of body content of Unk5 acid (mg/g) over 
42 days between different diets (5 % LSD = 0.27 mg/g). 
 
 
 
 
Figure 9-11B. Box plots of the concentration of Unk5 (mg/g) excreted into the gut of bees fed 
pollen (i) or both oil+pollen diets (ii) at day 7, 28 and 42. 
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Fatty acid – Unk6 eluting between C22-1 and C22-2 
There were significant differences in Unk6 acid levels with treatment (P < 0.001). The 
pollen diets produced bees with a higher concentration of Unk6 than the other three diet 
types, with bees fed flour or sugar diets having the lowest concentrations in their bodies. 
The bees in the apiary showed a more rapid uptake at an earlier age to peak at day 14 
before slightly decreasing (Fig. 9-12A).  
 
Graphically, the excretion patterns between pollen and pollen+oil diets was similar to Unk5 
but at lower concentrations (Fig. 9-12B). Like Unk5, Unk6 acid is another fat only 
associated with pollen as it was not present in the oils added to pollen (Table 9-2) and was 
only detected in defatted soya bean flour diets mixed with 30 % pollen (Table 9-3). It was 
one of the dominant fatty acids in wax scales (Table 9-4).  
 
Lignoceric acid (C24) 
There were significant differences in lignoceric levels with treatment (P < 0.014). The 
concentration of lignoceric acid rapidly accumulated in the first 14 to 21 days before 
generally decreasing in bees in all treatments (Fig. 9-13A). The flour diets allowed for a 
sustained elevated concentration following the peak level at day 21. The concentration of 
lignoceric acid in bees in the apiary showed an initial increase to day 14 which was 
followed by a decreased concentration which gradually recovered by day 42. Body 
concentration of lignoceric acid in bees from the apiary was generally lower than for caged 
bees.  
 
The concentration of lignoceric acid increased in the gut during the experiment (Fig. 9-
13B). Lignoceric acid was not present in the oils added to the pollen diet (Table 9-2) and 
like Unk3, was only present in full fat soya bean and lupin flour and unlike Unk3, lignoceric 
acid was present in both crushed and irradiated redgum pollen and fresh pollen (Table 9-
1). The fatty acid was not present in Promine™ or defatted soya bean flour (Table 9-3). 
Lignoceric acid was one of four dominant fatty acids found in wax scales of bees (Table 9-
4). 
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Figure 9-12A. The predicted values of the concentration of body content of Unk6 acid (mg/g) over 
42 days between different diets (5 % LSD = 0.05 mg/g). Data point for day 42 (apiary) is missing. 
 
 
 
 
Figure 9-12B. Box plots of the concentration of Unk6 acid (mg/g) excreted into the gut of bees fed 
pollen (i) or both oil+pollen diets (ii) at day 7, 28 and 42. 
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Figure 9-13A. The predicted values of the concentration of body content of lignoceric acid (mg/g) 
over 42 days between different diets (5 % LSD = 0.29 mg/g). 
 
 
 
 
Figure 9-13B. Box plots of the concentration of lignoceric acid (mg/g) excreted into the gut of bees 
fed pollen (i) or both oil+pollen diets (ii) at day 7, 28 and 42. 
 
 
 
(i)  (ii)   157
MINERALS 
Ten elements were measured from bee bodies.  Sodium, calcium and magnesium varied 
by only small concentrations during the experiment period and across diets. Therefore, the 
concentrations of these elements are not presented for the experimental period. The 
average (± S.E.) concentrations for all diets were: Na (0.03 ± 0.00 % n = 301); Ca (0.02 ± 
0.00 %, n = 301) and Mg (0.03 ± 0.00 %, n = 301). 
 
Potassium 
There were no significant differences in potassium levels with treatment (P = 0.114). 
Generally, the bees fed on flour diets were low in potassium for most of the experiment. 
From day 28, bees on a sugar diet experienced a sharp decline in potassium. The bees 
from the apiary had low levels of potassium from day 14 to 21 (Fig. 9-14).  
 
Phosphorus 
There were no significant differences in phosphorus levels with treatment (P = 0.116). For 
the flour diets, the peak concentration was reached at day 28. Bees fed flour diets had the 
lowest concentration of phosphorus for most of the duration of the experiment. The sugar 
diet and apiary bees showed a similar trend to each other until day 28, when levels sharply 
decreased for sugar diets (Fig. 9-15).  Phosphorus in apiary bees rose to their highest 
level at day 35.  
 
Sulphur 
There were significant differences in sulphur levels with treatment (P < 0.001). Bees fed 
pollen and both oil+pollen diets had increased sulphur concentrations to day 21 (Fig. 9-
16). Sugar and flour diets had peak concentrations at day 28 before declining. Bees fed 
the flour diet generally had the lowest uptake of sulphur. Bees from the apiary had an 
elevated concentration of sulphur from day 21 to 35 that subsequently declined.  
 
Copper 
There were significant differences in body copper levels with treatment (P < 0.001). From 
day 7 to day 21, the copper levels in bees on sugar diets mirrored that of apiary bees but 
then diverged. Copper concentration of bees generally decreased over the duration of the 
experiment (Fig. 9-17). The bees on flour diets had a poor uptake of copper with levels 
generally lowest of all diets during the experiment.  
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Figure 9-14. The predicted values of the concentration of body content of potassium (%) over 42 
days between different diets (5 % LSD = 0.04 %). 
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Figure 9-15. The predicted values of the concentration of body content of phosphorus (%) over 42 
days between different diets (5 % LSD = 0.04 %). 
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Figure 9-16. The predicted values of the concentration of body content of sulphur (%) over 42 days 
between different diets (5 % LSD = 0.03 %). 
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Figure 9-17. The predicted values of the concentration of body content of copper (mg/kg) over 42 
days between different diets (5 % LSD = 1.12 mg/kg). 
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Iron 
There were significant differences in iron levels with treatment (P < 0.001). Body 
concentration of iron for all diets increased over the duration of the experiment (Fig. 9-18). 
The bees from the apiary, however showed a significantly higher cumulative increase in 
iron than bees that were caged.  
 
Manganese 
There were significant differences in manganese levels with treatment (P < 0.001). The 
concentration of manganese in the body of bees was similar for apiary bees and bees fed 
a diet of pollen in cages (Fig. 9-19). Both oil+pollen diets were similar in trend. Bees on the 
flour and sugar diets had the poorest uptake of manganese.  
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Figure 9-18. The predicted values of the concentration of body content of iron (mg/kg) over 42 days 
between different diets (5 % LSD = 7.99 mg/kg). 
 
Zinc 
There were significant differences in body zinc levels with treatment (P < 0.035). The zinc 
level in apiary bees gradually increased to reach a peak at day 35. At day 21, zinc levels 
peaked in bees fed pollen and the two oil+pollen diets (Fig. 9-20). The uptake of zinc from 
the flour and sugar diets decreased sharply after day 28.    161
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Figure 9-19. The predicted values of the concentration of body content of manganese (mg/kg) over 
42 days between different diets (5 % LSD = 1.35 mg/kg). 
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Figure 9-20. The predicted values of the concentration of body content of zinc (mg/kg) over 42 days 
between different diets (5 % LSD = 7.45 mg/kg). 
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DISCUSSION 
Body protein in the caged honey bees rapidly increased in the first 7 to 14 days after 
emergence as bees become nurse bees, comb building bees or bees processing nectar. A 
similar trend was observed for lipid, copper, iron, manganese and sulphur. In this early 
period of development, emerged bees undergo physical change characterized by a rapidly 
developing hypopharyngeal gland which, when fully developed, occupies a substantial 
proportion of the head cavity.  
 
The hypopharyngeal gland produces the food for the worker bees and the queen and 
therefore a suite of nutrients must be available as precursor chemicals for the manufacture 
of worker and royal jelly that is fed to larvae. Haydak (1970) found that at 12 ± 2 days of 
age, nurse bees produced a milky-opaque secretion and at 17 ± 2 days of age a watery-
clear secretion which may indicate a change in requirement of some nutrients. 
 
During this early period of adult life, wax is also produced. Wax from the ectodermal 
glands builds the comb structure of the colony and was found to be dominated by palmitic 
acid at a high concentration of 106 to 132 mg/g (Table 9-4). Gilby (1965) states that 
beeswax consists, mainly of mixtures of long-chain alcohols (C24 to C34), paraffins (C25 
to C31) and esters of these two structures. Palmitic acid is a much shorter chain carbon, 
C16. 
 
Zinc and phosphorus accumulated more slowly in the body of the bee than all other 
nutrients measured. Potassium levels, in general, declined in the two week period after 
hatching and these elements are probably not intrinsically linked to the processes involved 
in the development of the hypopharyngeal gland. 
 
A number of the fatty acids accumulated rapidly in the bees' body over the same period as 
ontogeny of the hypopharyngeal gland and these included palmitic, palmitoleic, linoleic, 
linolenic, Unk5, Unk6 and lignoceric acids.  Stearic acid accumulated less rapidly.  
 
There is a substantial amount of lipid depletion from honey bees before bees commence 
foraging. The lipids are mainly metabolized during nest work activities such as nursing, 
feeding nestmates or producing wax. Foraging honey bees rely on carbohydrates and not 
stored lipid for energy when flying (Toth and Robinson, 2005). Therefore, a variety of fatty 
acids are likely to be important components in any of the activities of the nurse bees.    163
 
A few fatty acids are probably not involved in hypopharyngeal gland growth and function. 
Myristic acid is a candidate, as the highest concentration was in emerged bees, which 
declined rapidly after hatching and remained low as bees aged in both cage and apiary 
treatments, indicating that this is a normal trend. The Unk3 fatty acid also declined in 
apiary bees after hatching but then increased after day 14. In the cage experiments, the 
accumulation of Unk3 was opposite to apiary bees and may be as a result of confinement 
in a cage. 
 
Honey bees in cages showed some similarities in nutrient concentration over the duration 
of the experiment to bees raised in an apiary. However, some fatty acids behaved 
differently. The concentration of the stearic acid collapsed within seven days of hatching in 
cages which was in contrast to bees from the apiary. Similarly, linolenic acid accumulation 
in body tissue of caged bees was lower than that acquired by bees from the apiary.  
 
In the apiary, the newly emerged bees that were placed in a colony in the apiary had 
access to other young bees with fully developed hypopharyngeal glands and had access 
to older bees where through trophallaxis (the transfer of food by mouth from one individual 
to another) there may be a critical chemical imparted to the newly hatched bees that 
enabled stearic acid to be accumulated from the supplied diet. Nurse bees, when 9 days 
old, preferentially donate jelly to their younger nest mates (Crailsheim 1998) and the 
proteinaceous jelly produced by 100 nurse bees within one night could be found in 15.6 % 
of the colony population (Crailsheim 1992). Emerge bees returned to the apiary may have 
also benefited from richer gut flora than bees confined to cages. Gut microflora can supply 
nutrients to animals they inhabit. 
 
Palmitoleic acid concentration was higher in caged bees than emerged bees reared in the 
apiary. Bees fed diets of flours or just sugar accumulated high levels of palmitoleic acid in 
body tissue.  Diets of sugar were capable of increasing lipid levels in body tissue and bees 
were able to do this at similar concentrations as bees fed diets of pollen or flours. Linoleic 
acid was not involved in the suite of fatty acids that made up the overall increase in body 
lipid from sugar diets, nor was it available from flour diets despite its widely varied but high 
concentrations in the flours tested.  
 
The lack of accumulation of linoleic acid by bees from flour sugar-only diets is a new 
discovery and is perhaps the critical factor that has been missed in artificial diets that have   164
been based on soya bean flours or where sugar is commercially used to over-winter or 
stimulate bees to breed. For example, soya bean flour has been a widely used substitute 
for pollen and has been mixed with dried brewers yeast and dry skim milk (Haydak 1970). 
By itself, soya bean flour is noted to have some deleterious effects as shortening life-span 
and only a slight effect on activating the hypopharyngeal gland and fat body (Maurizio 
1950). Haydak (1949) had proposed that a deficiency of the vitamin, niacin was the main 
problem with soya bean flours, nevertheless, at the time Maurizio (1950) said her 
observations agreed with observations in other countries of the ‘occasional failure of soya-
bean flour feeding’. De Groot (1953) found there was a nutritional surplus of the essential 
amino acids except methionine in soya bean flour which ‘seemed somewhat deficient’. 
Despite numerous attempts at supplementing flours with all sorts of additives over the 
years, diets of pure soya bean flour are still being used by Australian beekeepers 
(Somerville 2005a). 
 
The data (Fig. 9-9A) clearly showed that perhaps either internal mechanisms within the 
bee are blocking the uptake of this essential fatty acid from flours diets or there is still a 
component in the flour that is deleterious to membrane transport of linoleic acid. The fatty 
acid source in the flour may be in a form that is nutritionally unavailable. Interestingly, bees 
that consumed sugar gained lipid. The conversion to lipid by caged bees from sugar diets 
excluded the uptake of linoleic acid, even though body lipid rapidly increased up until day 
28 (Fig. 9-2). Despite being totally different diets in terms of protein and lipid content, the 
reason of why the linoleic acid response to flour and sugar diets is similar (Fig. 9-9A) 
remains one of scientific importance and warrants further research. 
 
The poor uptake response of linoleic acid assumes a great importance when significant 
quantities of sugar are occasionally used by beekeepers in apiaries to either allow the 
bees to store sufficient carbohydrate for the cold winter months, sustain colonies of bees 
during drought or as a stimulant to trick the colonies of bees into believing there is a nectar 
flow, whereby the queen bee will commence to lay eggs, providing the breeding stimulus 
for foraging bees to be recruited to gather pollen. The use of this technique is well 
established in the New Zealand kiwifruit industry to economically produce pollinated fruit 
(Goodwin and Ten Houten, 1991; Goodwin 1998).  
 
Remarkably, protein levels remained above 20 % of body weight for the six week 
experiment when bees were fed sugar diets. The maintenance of protein levels may have 
been similar to what Haydak’s (1937) research revealed where an increase in percent   165
body nitrogen on a protein-free diet was due to the depletion of stores of fat and glycogen 
acquired prior to hatching.  
 
Herbert et al. (1977) noted that honey bees seemed unable to utilize high protein diets, but 
the highest protein (low lipid) diet (Promine™; 62.4 % protein) tested was able to give 
bees greater longevity than soya bean flour which contained less protein and higher 
amounts of lipid (see Chapter 7). Promine mixed with 10 % pollen was the only flour that 
encouraged the queen to lay eggs. This was perhaps due to the much smaller negative 
change in head weight (relative to pure pollen diet) associated with the Promine diet when 
compared to the other flour diets (see Chapter 7). The use of Promine by bees is perhaps 
due to the massive requirement of nitrogen, which increases by 93 % in the heads of bees 
during the first 5 days from emergence (Haydak 1934). Interestingly, in contrast to 
Promine’s high protein content, Herbert et al. (1977) found that optimal brood rearing was 
achieved in diets that contained between 23 and 30 % protein.  
 
Several research papers note that high protein diets are detrimental to honey bees. De 
Groot (1953) coined the term ‘protein poisoning’ to describe observed reductions in 
longevity. However, the protein sources were added to liquid sugar, generally at levels less 
than 10 % and not fed as dry ingredients. Nevertheless, it is a problem for other bee 
species. High protein (66 %) soya bean powder used in a pollen diet, when fed to sweat 
bees  (Lasioglossum zephyrum) did cause high mortality and provisioning of the nest 
decreased as both dietary soya bean powder in the diet and dietary protein increased 
(Roulston and Cane 2002). 
 
Caged bees accumulated most minerals at similar rates to apiary bees with the exception 
of iron and manganese. Both these elements showed significant differences. Iron 
accumulation in caged bees was poor when compared to bees from the apiary. As the 
bees aged, iron accumulated in body tissue in bees from the apiary. The difference may 
be due to apiary bees having access to the outside environment and sunlight. Their 
associated requirement of iron for orientation and directional flight is well known (Herbert 
1997). 
 
Manganese produced a similar response to linoleic acid in that bees fed on flour and sugar 
diets failed to accumulate this mineral to levels in bees fed pollen. The similarity of linoleic 
acid and manganese in poor uptake, may mean there is some connecting relationship 
between these two elements within a chemical pathway of the bee. These experiments   166
indicate that Manganese and linoleic acid need to be added to artificial diets in a form as 
yet unknown and is perhaps why the flour diets performed poorly with respect to life-span, 
longevity, hypopharyngeal gland development (head weight increase) and brood 
development (Chapters 7 and 8). 
 
The mineral composition of bees and their nutritional requirement is poorly understood 
(Herbert 1997). It appears that the addition of minerals to artificial feedstuffs can improve 
the ability of bees to rear brood (Nation and Robinson 1968). Herbert and Shimanuki 
(1978b) recommended a diet formulation for feeding bees should contain 1000 mg/kg     
(0.1 %
1) potassium; 500 mg/kg (0.05 %) calcium; 300 mg/kg (0.03 %) magnesium and less 
than 50 mg/kg (0.005 %) each of sodium, zinc, manganese, iron and copper. Any diet that 
contained mineral concentrations of 4 or 8 times greater than these recommended levels 
suffered high mortality although bees still reared brood. The data presented in this chapter 
provide evidence that mineral uptake in bees can be significantly affected by diet 
components and it is recommended that this area of nutrition should be further studied. 
 
The nutrient composition of emerged bees, used to stock the cages with bees, can vary. A 
nutrient comparison between emerged bees sampled from 2003 – 2005 (this thesis) and 
2001 (Manning 2002) show differences in nearly all components (Table 9-7). The 
difference between both sets of data, was that bees had experienced drought and poor 
honey and pollen flows in 2001 (Manning 2002) whereas, despite minimal rainfall, the 
years from 2003 – 2005 were productive. With the exception of linoleic acid, all elements 
were of lower concentration, and this supports the claim by beekeepers in 2001, that their 
bees were starving. 
 
Single-cohort colonies such as those used in this experiment establish a division of labour 
within a few days producing bees of the same age performing different tasks (Robinson et 
al. 1989). Toth and Robinson (2005) showed that nutritional differences are more closely 
related to behavioural state than to age. Thus, the way the experiment was conducted, 
using same aged bees (see Chapter 6) could have influenced results of nutritional change 
because of pronounced behavioural change. For example, Toth and Robinson (2005) 
found there were significant differences between lipid stores of nurse bees (mean values  
> 1.4 and < 2.3 mg) and foraging bees (mean value < 1 mg) though they found no 
                                                           
1 % concentration was used in this thesis for the macro-nutrients.   167
significant lipid differences between honey bee foragers and reverted nurses (bees of 
foraging age placed in cage experiments that revert to being nurse bees).  
 
Table 9-7. A comparison of protein (%), lipid (%), fatty acid (mg/g) and mineral content of emerged 
bees from 2003 - 5 (this thesis) and 2001 (Manning 2002). 
 
Body measurement  Mean 
2003 - 5 
Mean 
2001 
Protein  17.4 %  11.4 % 
Lipid  1.74 %  0.73 % 
Palmitic acid  2.24 mg/g  1.81 mg/g 
Stearic acid  1.69 mg/g  1.52 mg/g 
Oleic acid  9.07 mg/g  7.15 mg/g 
Linoleic acid  0.66 mg/g  0.69 mg/g 
Linolenic acid  0.65 mg/g  0.42 mg/g 
Potassium  0.34 %  0.30 % 
Phosphorus  0.26 %  0.19 % 
Sulphur  0.17 %  0.11 % 
Copper  6.16 mg/kg 4.20 mg/kg
Iron  22.7 mg/kg 13.8 mg/kg
Manganese  1.14 mg/kg 0.53 mg/kg
Zinc  25.7 mg/kg 15.0 mg/kg
 
 
From examination of the nutrient components of honey bees fed diet mixtures it was 
possible to identify two components that may have affected head weights of bees (Chapter 
8). Bees fed flour diets had head weights that should have increased, as the 
hypopharyngeal gland developed. The poor uptake of linoleic acid and/or manganese from 
flour diets needs to be corrected by supplementing flour diets with these elements. Further 
cage tests would be able to verify this finding. 
 
In cage experiments, pollen diets provided high concentrations of protein, Unk3 acid, 
stearic acid, linoleic acid, linolenic acid, Unk5 acid, Unk6 acid, manganese and zinc for 
uptake into the bodies of bees, which may have improved their longevity and life-span 
(Chapter 7) and increased head weight response (Chapter 8). Some fatty acids were 
identified to be available from pollen only and again the importance of these acids such as 
Unk5 and Unk6 is not known and needs further research.   168
Beekeepers that extensively feed sugar to honey bees with no natural source of pollen or 
additional supplements of pollen, for example, are not providing any source of linoleic acid 
to the colony. Again this needs further research and testing to determine a method of 
mixing a fat and a sugar solution (both being incompatible in solution) that can be fed to 
honey bees. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
   169
CHAPTER TEN 
 
GENERAL DISCUSSION 
 
The Australian beekeeping industry generates substantial export earnings through sales 
of the 30,000 tonne annual honey production, of which 25 - 30 % is exported (Benecke 
2003), and its unseen role in pollination, where its contribution is to the many other 
primary products traded. The estimated value of Australian pollination services by honey 
bees is $1.7 billion (Gordon and Davis 2003). The list of economic valuable plants that 
honey bees pollinate is large, and to give this some context, more than half the world’s 
diet of fats and oils comes from oilseeds with many of these plants dependent or 
benefited by honey bee-pollination (McGregor 1976). Examples of these oilseeds are 
coconut, cotton, canola, soya bean and sunflower. 
 
For crops to be pollinated there must be a source of bees. However, beekeeping 
industries across Australia are going through a period of contraction due to the aging 
beekeeper population, returns on business enterprises being barely profitable due to 
rising fuel prices, honey prices which are below the cost of production and unpredictable 
nectar resources, because of weather events, supposedly driven by climate change. 
 
What currently remains of the beekeeping industry will need to be run profitably by 
changing management and approach to costs within that business. There are two areas 
which can be looked at, the first is the movement and relocation of beehives to new 
floral areas and the second is to maximise bee populations to full strength in order to 
maximise yield of colony products such as honey, pollen and bees. Both of these are 
usually managed effectively to give an economic return. However, a wrong decision on 
where to move beehives or in hive management can be financially disastrous.  
 
The target for beekeepers is to place bees on forage that yields nectar and pollen. If 
plants do not yield the quantities of nectar and pollen then the productivity of the apiary 
will be compromised. In these situations, which occur from time to time, an artificial 
pollen source would be a valuable tool to effectively negate the severity of the financial 
loss of income and fuel expense of relocation. Over many decades of developing 
artificial feeds, many ingredients have been tested, but one ingredient of primary interest 
has been soya bean flour. Examples of other ingredients have been dried meat, dried 
fish, cottonseed meal, casein, dried blood, flours from wheat, oats, corn and peas   170 
(Haydak 1936) and yeast, pollard, gelatin, dried milk and egg albumen (Currie 1932, 
1935). 
 
Pollen can be considered the ‘engine’ that drives the economics of the whole bee 
industry. However, the best economics are driven by pollen that bees have an attraction 
and physiological response. However there are differences in pollen in this respect. 
Doull (1966) found pollen from Echium plantagineum to be significantly more attractive 
to bees than either Eucalyptus odorata or E. camaldulensis which were significantly 
more attractive than E. goniocalyx.  The order of attraction follows the protein content: 
E. plantagineum (31.4 %), E. camaldulensis (21.9 %) [E. odorata is not published] and 
E. goniocalyx (20.3 %) (Muss 1987) and not lipid content, where the published data are 
0.6 - 2.5 % and 1.3 - 4.58 % for E. plantagineum and E. camaldulensis, respectively 
(Somerville 2000a). Maurizio (1950) reported that some pollen, e.g. Prunus/Pyrus spp. 
(fruit trees), Trifolium sp. (clover), Papaver sp. (poppy), was ‘biologically effective’ in 
producing bees of long-life and with developed hypopharyngeal gland and fat bodies, 
whereas pollen from Pinus spp. (pine trees) caused a shortening of life, and ineffective 
development of the gland and fat body.   
 
However, the poor quality pollen flows, which can be detrimental, are used by the bee 
industry. Even though they have noticed the associated poor performance of the queen, 
less-than optimal colony populations, disease and short-lived bees, beekeepers still 
persist in utilising them (Gibbs and Muirhead 1998), driven largely because of the need 
for cash-flow. The differences in pollen quality piqued the interest from researchers who 
have investigated protein content (Somerville 2000a) as the probable causative variable. 
Others have found lipids to be of importance. Doull (1966) showed that when patches of 
comb containing stored pollen from Eucalyptus goniocalyx, which had been untouched 
by bees in 12 months, were treated with lipid extract from pollen, the pollen was readily 
consumed. Lipids also have the ability to attract bees to artificial feedstuffs. Placing an 
apiary amongst the same eucalypt species, 52 years earlier, Rayment (1915) was 
jubilant about the result of feeding sugar and egg albumen beaten into a creamy batter 
to bees. His report noted.. “brood raising progressing marvellously…except that the 
continental war has dislocated food stuffs, we should certainly have prescribed an egg 
diet for the whole apiary”. Albumen contains about 10 % protein. However, trace 
amounts of fatty acids are present, primarily oleic, palmitic, stearic and linoleic acids 
with average concentrations of 0.04, 0.037, 0.109 and 0.005 mg/g, respectively 
(Manning, unpublished) when compared to the average fatty acid values in pollen 
(Chapter 4).  
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Pollen has distinctive fatty acid profiles and some are characteristically dominant in one 
or more fatty acids. Pollen with high lipid concentrations and dominated by antimicrobial 
linoleic, linolenic, myristic and lauric acids can play a significant role in inhibiting the 
growth of the spore-forming bacterial disease American foulbrood (Feldlaufer et al. 
1993a), a disease of economic importance to beekeepers. Many other microbes can 
inhabit the brood combs of beehives in an environment of high humidity and 
temperature conducive to their proliferation, but this rarely occurs. Honey bees store 
pollen and nectar in the same cells as queen bees lay eggs and for successful 
development in this environment, cells must be relatively free of microbes. Whether lipid 
leakage from stored pollen is one of the mechanisms in keeping microbes in check is 
open for debate, and requires further research. Pollen high in oleic and palmitic acids 
has a greater role in honey bee nutrition. Palmitic acid is involved in a process that 
produces energy for flight muscles and the nervous system (Nation 2002). 
 
At the outset of this thesis, it was hypothesised that lipids, in particular some of the fatty 
acids, could be the key to understanding why bees under-perform on some nectar flows 
and to develop a successful artificial feed. Hence, research was conducted on two fronts 
for this thesis. Firstly, pollen was surveyed for fatty acids. Secondly, two of the fatty 
acids commonly present in pollen were tested for their effect on bee longevity, 
development of the hypopharyngeal gland and nutrient uptake response.  
 
Antimicrobial and nutritional fatty acids are part of the 73 different fatty acids now 
identified from pollen. Forty-two (57.5 %) of the fatty acids do not have a systematic 
name and were regarded as ‘unknown’. Of the 73 fatty acids, only 5 (6.9 %) were 
common to all pollen sampled. The five common fatty acids were palmitic, stearic, oleic, 
linoleic and linolenic. Of these, linolenic (7.0 mg/g) and linoleic acids (5.13 mg/g) had 
the highest concentration and the greatest variability in concentration. Mean palmitic, 
oleic and stearic acid concentrations in pollen were 4.49, 1.78 and 0.53 mg/g, 
respectively. Strong correlations were shown to occur between palmitic and linolenic 
acids and between oleic and linoleic acids in pollen. 
 
Western Australian eucalypt pollen has low levels of lipid (0.59 - 1.9 %) compared to 
many plant species native to the Mediterranean where the European honey bee has 
evolved. The dominant lipid in eucalypt pollen was linoleic acid (35.7 - 48 %) with the 
concentration of linoleic acid ranging from 2.77 to 5.81 mg/g pollen. These results 
could be of significance to the Australian beekeeping industry in refining disease 
management strategies because of the antimicrobial activity of this fatty acid. Lipid in 
redgum pollen was also dominated by two other known antimicrobial fatty acids,   172 
myristic (0.25 mg/g pollen) and linolenic (1.06 mg/g pollen), when compared with the 
other eucalypts studied. This is perhaps one of the reasons why redgum pollen-fed 
beehives are better able to over-winter in W.A., than if bees had fed on any other 
pollen source. 
 
Enhancing redgum pollen with fatty acids was hypothesized to improve honey bee 
longevity. The theory was not proved and only those honey bees fed diets of pure 
redgum pollen had the lowest mortality of twenty-two diets tested and had a life-span 
(50 % mortality) greater than 42 days. The lowest life-span of 14 days was from bees 
fed invert sugar. A diet of cane sugar enabled 50 % of the population to survive 17 days. 
Linoleic acid mixed with a redgum pollen diet in concentrations of greater than 6 %, 
limited life-span to 24 - 25 days, whereas bees were more sensitive to oleic acid 
concentrations where life-spans decreased to 15 - 21 days when pollen diets had 
concentrations greater than 2 %. Oleic, a monounsaturated fatty acid is already a 
dominant fat in bees and additional concentrations of this fat in diets may account for 
the bees sensitivity where small increases in dietary supplementation of redgum pollen 
reduced consumption, life-span and head weight growth. In pollen, mean oleic acid 
concentrations were recorded as being generally < 4 mg/g being less than the 
concentrations measured in the enhanced pollen diets with fatty acids and therefore 
may have been too high in diets tested. The 2 % linoleic diet’s oleic concentration was 
close to the upper limit of oleic acid found in pollen and the linoleic acid concentration is 
about the same as the mean concentration in the pollen of the African exotic, Arctotheca 
calendula. 
 
The utilisation of soya bean and lupin flour in artificial diets is still problematic with bees 
having poor longevity where nutritional uptake of linoleic acid was negligible and was 
poor for manganese. Of the soya bean flours, the protein concentrate with the lowest 
fat content (0.6 % lipid), gave bees a greater life-span of 26 days whereas bees fed a 
defatted (solvent extracted) and full-fat soya bean flour had lesser life-spans of 19 and 
20 days, respectively. For both the full-fat and lupin flour diets, oleic and linoleic acid 
concentrations exceed the natural levels found in pollen whereas for Promine™ and 
defatted soya bean flour diets the concentrations fall within the range found in pollen 
(see Figs 4-17 and 4-18). 
 
In terms of longevity and hypopharyngeal gland development, the full-fat and defatted 
soya bean flour were similar with the exception that bees consumed significantly more 
defatted flour. Perhaps beekeepers have noticed this too, and have instead promoted   173
the use of the low-fat flour believing that, as it was readily consumed, it was better (e.g. 
Bryant 1982, Matheson 1982), when there is no difference in benefit. 
 
Bees fed on lupin flour had a slightly better life-span (23 days). The addition of pollen to 
lupin flour caused an increase in mortality but for soya bean flours, the addition of 
pollen, was beneficial. Therefore, substitution of soya bean flour with lupin flour should 
not be promoted in the beekeeping industry. A protein concentrate of lupin flour may be 
more beneficial, but further experimentation will be required to assess its value. 
 
Overall, the results showed the deleterious effect on bees of oleic acid was greatest 
when used in high concentrations in pollen diets whereas honey bees were more 
tolerant of high concentrations of linoleic acid when it was added to pollen diets. The 
addition of free fatty acids to artificial diets does make the lipids immediately accessible 
to the bees whereas the same lipids in pollen take hours to digest, so that initial 
concentrations could influence digestion and feeding behaviour in experiments. 
 
In terms of longevity and life-span, pollen that had been crushed and irradiated and 
several years old was as good as fresh pollen in tests conducted. The use of this 
product in the beekeeping industry is highly supported because it is able to be stored 
for a considerable time, whilst in relative terms, its nutritive value is able to be 
maintained. The results indicate, that by the use of irradiation, the food value of redgum 
pollen to bees is largely retained. This is contrary to popular belief. Research has 
shown that food value of stored non-irradiated pollen diminishes over time. For 
example, Haydak (1961) showed that one year-old pollen lost about 75 % of its ability 
to cause the development of the hypopharyngeal gland, and others have reported that 
a slight, but significant decline in gland development was evident as the age of pollen 
increased (Hagedorn and Moeller 1968). However, Haydak (1960) has demonstrated 
that wax moth larvae (species not identified) developed equally on fresh pollen or on 
pollen that was 16 years-old, which had been air-dried and stored at room temperature. 
 
Honey bees with greater life-spans were those bees that consumed more of the diet 
presented to them (Table 10-1). As the oil content of the pollen diets or soya bean flour 
increased, less of the diet was consumed which may have compromised the dietary 
protein requirement of honey bees and therefore issues with sensory attractiveness 
and palatability of feedstuffs arise. However, the addition of oil can cause the opposite 
reaction. Doull (1973) reported a situation where a pollen supplement was provided to 
bees on a nectar flow devoid of pollen, in which less than 20 % of the eggs laid 
became larvae. However, when a lipid, a hexane-extract from almond pollen was   174 
added, and mixed with the supplement, consumption of the pollen diet increased and 
larvae were then reared from 91 % of the eggs laid.  
 
Increasing concentrations of individual fatty acids influenced hypopharyngeal gland 
development but the overall effect was that when total lipid concentration increased, a 
reduction in protein concentration subsequently occurred which also affected gland 
development. Fatty acid-enhanced pollen diets that contained up to 2 % oleic acid 
increased head weight greater than diets containing 6, 10 or 16 % oleic acid, whilst the 
head weight response to added linoleic acid was greater from diets with concentrations 
up to 6 % and which had a relationship to diet consumption (Table 10-1). Bees fed 
those diets, which increased head weight, were the only colonies able to feed larvae 
hatched from eggs that the queen had laid on the comb in cages. This head weight 
response to test diets could be developed as a measure of hypopharyngeal gland 
activity and in this way artificial diets can undergo further refinement. As a stand-alone 
test, measuring head weights seems a practical and novel way of indicating nutritional 
status of honey bees. 
 
None of the diets, where fatty acids were added to pollen, caused head weights to 
exceed those of bees fed pure pollen diets. Therefore, there is no advantage, in 
respect of hypopharyngeal gland development, in adding oleic and linoleic acid to 
pollen in an effort to improve the nutritional value of redgum pollen. In the parameters 
measured (longevity, head weight, brood), diets enhanced with 2 % linoleic acid 
showed no difference in rankings to pure pollen diets (Table 10-1).  
 
Honey bees dependent on diets based on flours of soya bean or lupin had lighter head 
weights compared to bees on pollen diets. Soya bean flour diets, whether low, medium 
or high fat, did show differences in head weight at day 7 and in growth rate during the 6 
week experiment. But in terms of head weight growth rate, the defatted soya bean flour 
was the only flour significantly different from the protein soy concentrate Promine™, 
which had an overlapping similarity matrix for growth rate and diet, with the full-fat soya 
bean flour diet despite large differences in fat content. For diet alone, the similarity 
matrix showed a significant difference between full-fat and defatted soya bean flour on 
head weight. Honey bees readily consumed the defatted soya bean flour which 
subsequently decreased life-span and head weight growth indicating that as a feedstuff 
ingredient it is a poor choice. However, the exception was when 30 % pollen was 
incorporated into the flour diet, which improved life-span and head weight growth 
(Table 10-1). 
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Of the twenty nutritional components measured, sixteen within the body of honey bees 
were significantly influenced by diet. Those influential were protein, fatty acids (palmitic, 
palmitoleic, Unk3, stearic oleic, linoleic, linolenic, Unk5, Unk6, lignoceric) and minerals 
(sulphur, copper, iron, manganese and zinc). Similarly, when bees were fed 
supplementary feeds in 2001, a year in W.A. considered ‘worst on record’ for 
beekeepers, they had elevated levels of iron, manganese and zinc in their bodies 
compared to unfed bees (Manning 2002). Palmitic acid was found to be the dominant 
fatty acid in wax scales produced by bees in cages. Those elements unaffected by diet 
diversity were: lipid, myristic acid, potassium and phosphorus. Three unidentified fatty 
acids [those exceeding 0.10 mg/g in body concentration] were found in bees fed pollen 
or flour diets.  
 
Both linoleic acid and manganese may need to be added separately to artificial 
feedstuffs for honey bees and may need to be supplied in a dietary form, as yet to be 
determined. Artificial diets that used flours (soya bean/lupin) failed to impart linoleic 
acid to honey bees, even though the diets themselves were high in concentrations of 
linoleic acid. Soya bean flour is known to be a sub-marginal food for bees (Haydak 
1949) where bees stop rearing brood after the first brood cycle (Hagedorn and Moeller 
1968). The explanation for this has been simply to state, like Hagedorn and Moeller 
(1968) did, that the effect is attributed to the ‘exhaustion of certain essential nutritive 
factors which are present in the body of the worker bees on emergence, but which are 
used up in the process of rearing brood’. Others have mentioned the possibility of the 
lack of some nutrients in soya bean flour like niacin (Haydak 1949), but not one 
researcher, in all the years soya bean flour has been recommended as an ingredient, 
has measured nutrient uptake from artificial feedstuffs. A deficiency of linoleic acid is 
known to cause a failure of pupal ecdysis and it may also be the cause of the disruption 
and sudden cessation of brood rearing that many researchers have repeatedly 
recorded when soya bean flour diets are fed to bees. 
 
Table 10-1. Summarised ranked data, for 22 diets, from Chapter 7 (diet consumption, diet 
hazard) and Chapter 8 (head weight growth, number of cells with eggs and larva). The diet 
abbreviations are given in Chapter 7 (Tables 7-1 and 7-2). 
 
Diet Consumption   
of diet 
Diet hazard- 
life-span 
Head weight 
growth 
Breeding  
(eggs/larva) 
RG 1  2 2  2 
2%L 2 3  1  3 
6%L 3 4  3  4 
cRG 4 1  5  1   176 
2%O 5 5  4  5 
DFSOY 6  16  21   
DFSOY10 7  15  12   
DFSOY30 8  10  7   
DFSOY20 9  13  18   
10%L 10  7  10   
PRO 11 8  8   
6%O 12 11  6   
PRO10 13  9  9  6 
LUP 14  14  15   
16%L 15  6  14   
FFSOY 16  17  11   
FFSOY10 17  12  19   
LUP10 18  19  16   
10%O 19  18  20   
16%O 20  21  17   
CS 21  20  13   
INV 22  22 22   
 
Bees fed sugar diets also failed to accumulate linoleic acid even though the diet 
increased total body fat content. Manganese was also identified as being poorly 
absorbed in the body of bees after consumption of the flour diets. The lack of linoleic 
acid uptake from sugar is perhaps responsible for failure of brood rearing when bees 
were fed pure carbohydrate diets (Haydak 1935). This may have ramifications in the 
honey bee pollination industry, especially in New Zealand where vast amounts of sugar 
are fed to bees to promote pollen foraging (Goodwin and Ten Houten 1991). 
 
There were differences between some of the nutrient components of caged emerged 
bees and those returned to a normal functioning hive in an apiary. The components 
that showed differences between caged and non-caged bees were the fatty acids: 
Unk3, linolenic and lignoceric acid and the mineral, iron. Dietz (1969) demonstrated 
that there were significant differences in pollen consumption in newly emerged bees 
under laboratory and hive conditions. Within 2 hours, 25 % of the bees in an incubator 
had consumed pollen, whereas pollen consumption by bees, returned to a hive, was 
negligible over the same period, however, there were no differences after 12 hours. 
 
The effect of diet on head weight and on the growth rate of the head weight was found 
to be dependent on season and experiment within season which meant that a diet that   177
may have a certain effect over summer (for example), may have a different effect in 
another season, making comparisons between the diets complex. 
 
From studies carried out for this thesis, emerged bees raised in winter (June - August) 
for experiments had the highest mean head weight with bees born in summer 
(December - February) having the next highest weight, followed by bees born in spring. 
Fat bodies appear in ‘winter’ bees (Southwick 1997), and as these bodies develop 
simultaneously with the hypopharyngeal gland (Maurizio 1950, Herbert 1997), the 
higher winter head weight would indicate similar fat body development. Associated 
lower head weight measured in spring, could indicate lipid and protein depleted 
abdominal fat bodies. Southwick (1997) noted that fat bodies were absent in ‘summer’ 
bees, following the onset of brood-rearing and these bees are shorter-lived than ‘winter’ 
bees (Maurizio 1950). Future experiments measuring hypopharyngeal gland 
development and their replication need to be planned in the light of this data or a 
sample of emerged bees should be measured for head weight prior to each 
experiment. 
 
Same-aged bees with characteristics of 'hairlessness' and 'hairy' were observed after 
conducting a series of single cohort cage experiments. These hairless bees were 
phenotypically similar to forager honey bees in apiaries. Measurements showed 
hairless bees had lighter head weights than hairy bees (normal looking nurse bees). A 
hairless-black bee viral syndrome was described in the literature by Rinderer and 
Green (1976) and Gochnauer (1978) but following an examination by a veterinary 
pathologist at a viral laboratory, no viral particles were seen associated with the 
phenotype described in this experiment. Despite differing diets fed to honey bees 
containing various concentrations of fatty acids, the head weights of the two types of 
bees responded similarly. There were significant differences (P < 0.001) in head weight 
between diets containing linoleic or oleic acid and to fatty acid concentration in the diet. 
 
The phenotype phenomenon was assumed to have had no influence on the outcome of 
the experiments conducted in this thesis. However, oleic acid-enhanced pollen caused 
bees to behave differently to those bees fed linoleic-enhanced diets. Increased 
numbers of hairless bees in small caged colonies resulted (Fig. 6-5) and this may have 
implications in colonies when bees collect pollen that contains high concentrations of 
oleic fatty acid.  
 
The other observation from experimental work, was the effect of the accidental fungal 
contamination of one of the sugar diets in one experiment, which caused high mortality   178 
of bees. This may have implications in the context of fungal contamination of nectar in 
flowers where bees might be subjected to the same effect. During the onset of winter, 
high levels of moisture in the air may dilute nectar sugars from flowering plants and 
cause fermentation. This could cause some confusion to beekeepers as the symptoms 
are similar to the disease caused by Nosema apis, a gut parasite. The assumption by 
beekeepers that they have nosema disease could in fact be incorrect. 
 
There is an obvious need to further research the effects of dietary substances on 
honey bees in relationship to their actual nutritional requirements. Despite decades of 
use as an ingredient, soya bean flour has still not been researched thoroughly. Soya 
bean flour is one example of one ingredient of the many used by the beekeeping 
industry and I strongly suggest that far more research be conducted on the basic 
parameters, such as longevity and hypopharyngeal gland development of any dietary 
ingredient in use or proposed to be used, as this would give an accurate indication of 
its physiological and nutritional value to honey bees. 
 
Future research is proposed to continue the study of the effects of lipids on honey 
bees. An array of domestically available vegetable fats e.g. canola and essential oils 
such as primrose oil will be trialed in palatability and preference tests and the best of 
these mixed with a protein concentrate-cellulose mix at different concentrations. These 
diets will be tested to ascertain the longevity of bees fed each diet. Using this same 
method, a series of mineral supplements formulated by a consultant nutritionalist will 
also be tested. The ultimate aim of future research is to develop a supplementary feed 
that the beekeeping industry can use to maintain or increase their beehive populations 
and to help protect their operations from sudden curtailment of resources brought 
about by an adverse environment. 
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